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over the last two years research has been conducted on
Wisconsin's Sheboygan River, a tributary to Lake Michigan located
north of the City of Milwaukee. The Sheboygan River was studied
because it is contaminated by polychlorinated biphenyls (PCBs), so
much that it has been declared a Superfund Site by the U.S.
Environmental Protection Agency and a Great Lakes Area of Concern
by the U.S./Canadian International Joint Commission. The river is
also a source of PCBs to Lake Michigan. Further, the PCBs, at
least some of more toxic PCB compounds, are a potential health risk
to inhabitants of the river or users of the river. Thus, this
research was designed to provide important information on a major
environmental problem affecting the coastal zone of the Great
Lakes. |

The focus of the research was to determine whether PCB
dechlorination 1is occurring in the river's sediments. High
resolutidn gas chromatographic analyses were made on sediment,
water, and fish collected from the river and hafbor.’In addition,
several soil saﬁples from a confined disposal facility holding
aredged sediment were also analyzed. Laboratory experiments were
also conducted to try and replicate some of the processes that
occur in the natural environment. Information from other
invéstigatdrs and the §?ientific literature was used when possible
to supplement findings.

Overall, the research was successful. All of the objectives

were met. Major findings of the research are summarized below.



1. Data collected on PCBs in sediments indicate the
distribution of PCB compounds (congeners) has changed relative
to the distribution of PcBs that originally polluted the
river.

2. It appears, based on all the available evidence, that the
changes in the PCB distribution are the result of
dechlorination of the PCBs by anaerobic microorganisms in the
sediment.

3. Dechlorination was observed mainly in those section of the
river with accumulation of muck (sedimentation areas) and
where total PCB concentrations were high.

4. The fact that many of the higher chlorinated PCB compounds
(congeners) are being dechlorinated' indicates that ‘some
natural detoxification 1is occurring, as the more highly
chlorinated PCB compounds are generally considered to be more
toxic.

5. The results suggest that it may be possible to modify
natural prbcesses to speed up the dechlorination as a
bioremediation measure. Complete degradation of the PCBs may
even be possible.

6. PCB concentrations in the harbor (about 20 km downstream
from the source) were much lower than the source area and the
distr;bution of PCB compounds did not show evidence of
degradation.

7. PCB concentrations in thé water were much lower than in
sedimehﬁ, but concentrations increaséd downstream from the

source. The distribution of PCB compounds varied between the



2. Oné thesis was published as a result of this research, and
two research papers ére written so far and will be submitted
to refereed scientific journals.

‘3. Several presentations have been made on the project at
scientific meetings, including an international workshop on
biological remediation of contaminated sediments sponsored by
the U.S. Environmental Protection Agency. A summary of the
presentation is to be published in the workshop proceedings.
4. The multidimensional gas chromatograph, purchased for the
Wiéconsin Laboratory of Hygiene partly through this project,
will be a continuing resource for future PCB and other complex
organic analysis. As a result of demonstrating the ability of
this machine to measure "toxic" PCB compounds in this project,
Fort Howafd Paper Company has decided to purchase one of these
machines to help them in their efforts to free the lower Fox
River and Green Bay from PCB pollution.

5. The Wisconsin Department of Natural Resources has become
increasingly concerned about the presence of certain PCB
compounds (congeners), and methods to analyze these compounds
refined during this project will be used in the future by the
State Laboratory of Hygiene in 'doing analyses for the

Department.

6. Information on PCBs developed in this project will be
useful to the Green Bay Mass Balance Study now .ongoing on the

Fox River and Green Bay.

7. Results of this study will be useful to the current

Superfund investigation and remedial action plan. In fact,



dissolved and particulate PCBs.
8. The types of PCBs found in fish from the Sheboygan River
were different from the PCB paﬁtern found in contaminated
sediments.
9. While experiments to induce anaerobic dechlorination of
PCBs using bacteria extracted from Sheboygan River sediments
were negative, further experiments would‘ likely produce
positive results. - Based on recent laboratory work by others
(with different river sediments), it is clear dechlorination
can be demonstrated in the laboratory although results are
highly variable. Key factors controlling dechlorination are
not fully understood.
10. The multidimensional (heart cutting) gas chromatograph is
an effective tool for resolving PCB compounds (congeners) that
otherwise can not be measured.
11. Some of the "toxic" PCBs (having dioxin-like effects),
that can't  be resolved by .conventional high resolution
techniques, were quantified using the multidimensional gas
chromatograph. Concentrations were always very low and there
were indications that dechlorination of several of these
compounds was occurring.

This research has led to a number of benefits and products
other than the research findings. The most important of these are
listed below.

1. Training was provided to students and technicians. A

Master of Science degree in Water Chemistry was received by

one student working on the project.



this 'study probably had an influence or helped stimulate
current efforts to bioremediate dredged Sheboygan sediment
through microbial processes.

8. The results of this study will be useful to other coastal
sites with in-place polluticn due to PCBs, Natural
dechlorination may be a useful remedial strategy in some
situations.

9. The Assessment and Remediation of Contaminated Sediments

(ARCS) Program, set up under the 1987 amendments to the U.S,

Clean Water Act, has set the Sheboygan River aé one of its

pilot study areas. Data from this study will be essential for

this Program, and information has already been given to
program officials.

10. Last but not least, findings from this study will benefit

the living near or using the Sheboygan River. Xnowing that

some of the more highly chlorinated, and thus potentially most
toxic, can be dechlorinated provides hope that the PCB problem
can eventually bé solved.

The hard work, support and cooperation of many individuals
made this study possible. Co-principal investigators included
Professors David Arms;rong and Andgrs Andren, and Dr. John Xonrad
ofv'the Wisconsin Department of Natural Resources' Bureau of
Research. . Laura Maack Brondyk served as Assistant Researcher
throughout most of the project, and played a major role in
initiating the project. Margaret David served as the student
researcher for the project, and the core findings of the project

are described in her Master of Science dissertation. Robert



Lawrence served as an Assistant researcher during the second half
of the study. Many staff at the Wisconsin Laboratory of Hygiene
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Degenhardt, Thomas Gibson, Carol Buelow William Krick and Thomas
Dunnick. Professor Ronald Schell and Terry Kurzynski provided
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Coastal Management Program and Wisconsin Sea Grant Program are
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administrative support and general encouragement given by the
staffs of these organizations was really appreciated. The
Wiscons%n State Labératory of Hygiene and the Water Chemistry
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Chapter 1 Introduction

Polychlorinated biphenyls are a class of 209 compounds
comprised of two benzene rings with one to ten chlorines.
The physical and chemical properties of the 209 compounds,
referred to as congeners, vary dramatically. Some congeners
are oily liquids at room temperature, while others are white
powdery solids. Vapor pressures vary orders of magnitudes
among the congeners; boiling points span almost 200 degrees
(Erickson, 1986).

Because of their wide range of physical and chemical
properties, thermal stability, and chemical resistance to
acids and bases, PCBs have been used in many industries for
a wide variety of purposes. PCBs were commonly used in
transformer oils, dielectric fluids, hydraulic fluids,
plasticizers, and carbonless copy paper ‘(Erickson, 1986;
National Acaedemy of Science, 1979).

PCBs were first manufactured in the late 1920s by direct
chlorination of biphenyl with chlorine gas. Monsanto Chemical
Corporation, one of the largest producers of PCBs, marketed
PCB mixtures under the tradename of Aroclor. Each Aroclor mix
was sold as a weight percent of chlorine. The last two digits
of the Aroclor name signified the weight percent. aroclor
1242 contains 42 percent chlorine by weight and consists

predominantly of the trichlorinated congeners (Furukawa,



1982).

In the early 1930s, PCBs were found to have delitrious
health effects and workplace threshold limit values were set.
It was not until 1977, however, that PCBs were banned from
commercial use because of possible health effects (Erickscn,
1986). The scientific community is uncertain about the exact
risks posed by PCBS. When humans are exposed to PCBs in
large doses, they are thought to elicit one or more of the
following responses: wasting syndrome, skin disorders such as
chloroacne, thymic and splenic atrophy, 1liver damage,
endocrine and reproductive dysfuncticn, tetratogenesis and
carcinogenesis (hepatocarcinoma) (Parkinson and Safe, 1987).
Several congeners are thought to be more toxic than others.
These "toxic congeners" have a planar configuration similar
to 2,3,7,8-tetrachlorodibenzo-p-dioxin, one of the most toxic
environmental contaminants kn§wn to man. Like dioxin, the
toxic congeners are thought to bind to the direboxynucleic
acid (DNA) at sites which are coded for enzyme synthesis
(Chantry, 1989).

Because PCBs were used extensively in a variety of
industries before their toxicological hazards were identified
and because they are relatively inert, their presence in the
environment is ubiquitous. PCBs have been measured in air,

water, sediment, soil and biota around the world. Many sites
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in the United States contain high concentrations of PCBs
(above 50 ppm). Under federal regulation, these sites are
required to be cleaned up to background or limits set by the
Environmental Protection Agency (EPA). The cost of cleaning
up such sites is tremendous and the success of cleaning up
such sites is often marginal.

The fate of PCBs in the environment is not completely
understood, in part because it has been difficult to quantify
all the physical and chemical properties associated with the
different congeners. Aerobic microbial degradation of the
lower chlorinated PCBs has been shown to occur under certain
conditions. Recently, there has been evidence that anaerobic
degradation of PCBs occurs as well (Brown et al., 1987b; Chen
et al., 1988; Rhee et al., 1989; Quensen et al., 1988). This
finding is significant because PCBs and PCB-contaminated waste
is often stored in anaercbic environments such as landfills,
and sediments. Determining if anaercbic degradation occurs
and how it occurs has substantial implications for the
treatment and disposal of PCBs. Significant economic gains
could be achieved if sediments could be treated in situ. 1In
addition, the risks of exposure would be considerably
diminished if PCBs and PCB-contaminated material were treated

in place.



Chapter 2 Objectives

The overall purpose of this study is to examine PCB-
contaminated sediment from the Sheboygan River to determine
'if anaerobic dechlorination is occuring. The observed
congener distribution will be compared to the predicted
distributing based on existing knowledge of partitioning
relationships, diffusion equations, Henry's Law constants, and
observed biodegradation patterns.

The study objectives are fourfold. The first objective
is to determine the distribution of PCB congeners in the
Sheboygan River sediments and to determine the variation with
depth and distance. The second objective is to determine if
there is a significant difference between the congener
distribution found in the river sediment versus the congener
distribution foﬁnd in the Aroclors originally used at the
industrial site.

The third objective is to evaluate processes such as
partitioning and biodegradation that could account for the
change in the distribution of the congeners. The work of
Burkhard et al.(1985a; 1985b) will be used to evaluate the
effects of partitioning and voclatilization on the congener
distribution. The work of Brown et al. (1987), Rhee et al.
(1989) and Quensen et al.(1988) will be used to evaluate the

effects of anaerobic biodegradation on the congener
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distribution. The last objective was to examine the congener
distribution in other matrixes such as fish and water and to

compare these distributions to that in the sediment.
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Chapter 3 Literature Review of Aerobic and Anaerobic Bacteria

One of the goals of this research was to determine whether
sediment from the Sheboygan Piver had PCB congener patterns
characteristic of anaerobic dechlorination as described by
Brown et al. (1984), Quensen et al. (1988), Chen et al. (1988)
and Rhee et al. (1989). This chapter presents a synopsis of
existing knowledge of aerobic microbial degradation as well
as anaerobic microbial degradation.

An understanding of aerobic processes is important since
rivers are dynamic systems that vary temporally and spatially,
scouring and depositing sediments in a somewhat random
fashion. As a result of these processes, it is likely that
sediment that was anaerobic becomes aerocbic and vice versa.
Therefore, sediment samples may have been exposed to both
types of environments.

This chapter contains a brief overview of the following
subjects; aerobic microbial degradation, aerobic bacteria,
PCB-degrading enzymes and the environment necessary for PCB-
degradaticn. A similar overview of anaercobic degradation

follows the discussion of aerobic microbial degradation.

3.1. Aerobic Degradation of PCBs
3.1.1. Introduction

Since the first discovery that aerobic bacteria degrade
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PCBs (Ahmed and Focht, 1973), many aerobic, PCB-degrading
bacteria have been identified. These bacteria are apparently
widely distributed in the environment. For example, Chantry
(1989) cites sixteen PCB-metabolizing genera in a review of
the literature. Several of these genera have been found in
the environment, notably Pseudomonas, Vibrioc, Aeromonas,
Microccus, Acinetobacter, Bacillus, and Streptomyces
(Furukawa, 1982). In sediments from the Hudson River, which
contain PCBs, twenty isolates from five PCB-degrading genera
have been identified: Acetobacter, Acinetobacter, Alcaligenes,

Klebsiella and Pseudomonas (Furukawa, 1982).

3.1.2. Enzyme Systens

Two major aerobic enzyme systems are thought to enable
bacteria to degrade PCBs. All PCB-degrading bacteria employ
a dioxygenase enzyme, in which both atoms of the oxygen
molecule are added to the product (Stryer, 1981). In
contrast, mammals use a monooxygenase system for PCB
metabolism. A monooxygenase system, also referred to as a
mixed function oxygenase system, is one in which one atom of
oxygen is added to the product and one atom goes to form water
(Stryer, 1981).

The most common enzyme system used by aerobic PCB-

degrading bacteria is the 2,3 dioxygenase enzyme. Serving as
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an electron acceptor, molecular oxygen is attached to an
vacant 2,3 site (or 5,6 site) on the aromatic ring to produce
a cyclic peroxide intermediate and then a cis-dihydrodriol
(see figure 3-1). The cis-dihydrodriol then forms a 2,3
dihydroxy compound which undergoces oxidative meta ring
cleavage between the first and second carbon atom to form a
benzoic acid (Safe, 1984). Although the chlorobenzocates can
be mineralized by bacteria, there are no known bacteria which
can both degrade PCBs and mineralize the chlorobenzoates.

A second pathway for the degradation of PCBs, a 3,4
dioxygenase, has been proposed by Bedard and coworkers (Bedard
et al., 1987a; Bedard et al., 1987b) based on experiments with
the bacteria, Alcaligenes, and Aroclor 1242. Three of Bedard
and coworker's experimental results suggest an alternative
-enzyme to the 2,3 dioxygenase. First, PCBs that were
sterically hindered for the 2,3 dioxygenase enzyme (i.e
chlorinated at the 2,3 sités) were readily metabolized by
Alcaligenes H850. Second, Alcaligenes was not able to
metabolize para chlorinated biphenyls; however, it easily
metabolized ortho chlorinated.biphenyls. These results are
in striking contrast to the conclusions drawn from previous
experiments which indicated that ortho chlorinated congeners
are extremely resistant to degradation by bacteria using the

2,3 dioxygenase system (Furukawa, 1982; Furukawa et al.,
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1978). Lastly, there is some evidence that the expected
metabolites from a 3,4 dicxygenase pathway are formed (Bedard

et al., 1987b).

3.1.3. Aerobic Microbial Degradation Studies of PCBs

Many different bacteria have been found to oxidize PCBs.

Although they use similar enzyme systems, the extent and the
rate of degradation among bacterial strains differ“depending
on the number and the position of chlorines on the biphenyl
molecule. Three experimental results are important. First,
as the chlorine content of the PCB increases, the ability of
bacteria to metabolize PCB aerobically decreases. Second,
mixed cultures of bacteria appear to increase the
biodegrédation rates of PCBs. This finding is important since
natural environments often contain mixed cultures of bacteria.
Thirdly, many bacteria appear to require an additional
substrate for growth, a process referred to as cometabolism.

Tucker and coworkers (1972) examined the ability of
microorganisms in activated sewage sludge to degrade Aroclor
mixtures at concentrations of 2.5 and 5.0 ppm. Most of the
degradation of the mono and di chlorobiphenyls in Aroclor 1221
took place in less than a day. There was a 26 percent

decrease in Aroclor 1242 in two days and no degradation of the
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more highly chlorinated Aroclor 1254. From these results,
Tucker and coworkers concluded that as the degree of
chlorination increased, the degree of biodegradation
"decreased.

Experiments performed by Wong and Kaiser (1975) also
support this conclusion. Microorganisms (Achromobacter and
Pseudomonas) from lake water were placed in 0.05 percent
solution of Aroclor 1221, 1242, and 1254. The bacteria
metabolized Aroclor 1221 and 1242 but not Aroclor 1254.
Aroclor 1221 was completely degraded in one month. Rates for
Aroclor 1242 and 1254 were not established.

Furukawa, Tomizuka and Kamibayashi (1983) also found that
as the degree of chlorination increased, the ability of the
microorganisms to degrade PCBs decreased. Using PCB
contaminated soil (50 ppm) and the bacterié, Acinetobacter,
these researchers found that Kaneclor 200 (predominantly
dichlorobiphenyls) was rapidly degraded in four hours.
Kaneclor 360 (primarily trichlorﬁbiphenyls) and Kaneclor 400
(primarily tetrachlorobiphenyls) were also susceptible to
biocdegradation but to a lesser degree. Kaneclor 500
(primarily pentachlorobiphenyls) was recalcitrant. Similarly,
microbes from activated sewage sludge were unable to degrade
Kaneclor 500 at concentrations of 0.1, 5, and 10 ppb (Kéneko

et al., 1976).
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Mixed bacterial cultures may be better able to degrade
PCBs than pure strains. A mixed strain was found to degrade
Aroclor 1242 in five days, a rate considerably faster than
values previously reported in the literature (Clark et al.,
1979). The increase in the rate may be because only readily
water soluble PCBs were used (a solution was saturated with
Aroclor 1242). This may have biased the experiment because
the lower chlorinated congeners are more soluble and also more
easily degraded. In addition, the PCBs may have been more
available to bacteria since they were in solution and not
adsorbed to particulates. Again the_ lower chlorinated
congeners were most,easily degraded.

Furukawa and coworkers (1983) extensively studied
two bacterial strains, Alcaligenes and Aciﬁetobacter, both of
which degrade' PCBs using a 2,3 dioxygenase enzyme. The
following generalizations aboﬁt aerobic PCBs degradation
result from their work and summarize much of the aerobic
research to date.

1) As the number of chleorines increased on.the biphenyl
molecule, the ability of the bacteria to degrade the compound
decreased. This decrease may be due to increased steric
hinderance as additional chlorines are added to the molecule.
Congeners with greater than four chlorines were recalcitrant.

2) PCBs containing chlorines in the ortho position of the
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ring were also resistant to degradation. These congeners may
be sterically hindered; the 2,3 didxygenase system requires
vacant sites at either 2,3 or 5,6 position. If both ortho
positions are filled on the opposite ring to the ring that the
enzyme 1is attacking, the attack by the enzyme will be
hindered.

3) PCBs containing all the chlorine atoms on a single
ring were generally degraded faster than isomers with the same
total number of chlorines distributed on both rings.

4) Ring cleavage occured more often with congeners that
had fewer chlorines.

5) PEBs having adjacent unchlorinated sites, particularly
at the 2,3 position, were more readily degraded than those
congeners chlorinated at the 2,3 position.

In addition to these factors, it appears that a substrate
for growth may be important since PCB-degrading bacteria are
unable to completely mineralize PCBs.

Cometabolism, as defined by Horvath (1972), 1is "“any
oxidation of substances without the utilization of the energy
derived from the oxidation to support microbial growth."
There is evidence that the higher chlorinated congeners cannot
be degraded without additional carbon sources. "Although
complete mineralization of monochlorobiphenyls has been

reported, no culture with the ability to completely mineralize
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more highly chlorinated biphenyls or to grow on any congener
that has one or more chlorine on each riné has unequivocally
been described" (Kohler et al., 1988). A variety of
substrates have been used. Biphenyl is by far the most
common; however, acetate has a;so been used (Clark et al.,
1979) .

Brunner and coworkers (1985) found the most important
factor affecting PCB degradation in soil was enrichment of the
soil with biphenyl. After incubating éoil for 210 days,
Brunner and coworkers noted that little if any degradation
took place in soil that was not inoculated with a growth
medium (such as biphenyl) or with bacteria (suéh as
Acinetobacter). In contrast, when the soil was inoculated
with a growth medium such as biphenyl, degradation increased
tenfold. Inoculation with bacteria increased biodegradation,
but not as dramatically. With the exception of 4-
chlorobiphenyl, Acinetobacter cannot grow upon any of the PCBs
because it is unable to dehalogenate the ring fission products
(Brunner et al., 1985).

Kohler also noted that the addition of biphenyl
substantially increased the ability of bacteria to metabolize
PCBs. When bacteria, Acinetobacter and Arthobacter, were
grown 1in the presence of biphenyl, degradation rates of

Aroclor '1254 increased substantially (Kohler et al, 1988).
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Interestingly it has been found that adding Aroclor 1221
increased the ability of the Pseudomonas to degrade Aroclor
1254 (Lui, 1980). This phenomenbn is suggestive of
cometabolism. Aroclor 1254 (300 ppm) was degraded in 18 days
to 0.59 ppm. 1In contrast, when Aroclor 1221 was added, the
bacteria degraded the same concentration of Aroclor 1254 in
8 days. Sodium ligninsulfonate was also added to these
cultures resulting in the formation of an emulsion. It is
hypothesized that the emulsion increased the surface area of
PCBs available to the bacteria and therefore expedited the
biodegradation of these compounds (Lui, 1980).

Another example of cometabolism is a study of four
congeners by Parson and Sijm (1988). Grown on biphenyl and
4-chlorobiphenyl in a continuous culture system, Pseudomonas
‘could metabolize 4-chlorobiphenyl, 2,2'3,3' (congener 40),
2,2'5,5' (congener 52), 2,3,'4'5 (congener 70) and 3,3'4,4'
{congener 77). If, however, the Pseudomonas were cultured
on nutrient broth or benzoates .they eventually 1lost the
ability to metabolize these four congeners (IUPAC # 40, 52,

70, 77).

3.2. Anaerobic Degradation of PCBs
3.2.1. Introduction

Although the fate of PCBs in aerobic sediments has been
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well studied, very little is known about the fate of PCBs in
anaerobic sediments such as landfills, and confined disposal
facilities. Since anaerobic environments such as river
bottoms and lake bottoms represent the final sink for PCBs
(National Academy of Science, 1979), it is important to
determine what, if any, processes PCBs undergo in anaerobic
environments.

In contrast to the plethora of information that exists
about aerobic microbial degradation, there is surprisingly
little information about anaerobic microbial degradation.
Anaerobic microbial metabolic pathways are not wéll understood
and anaerobic bacteria which can degrade PCBs have not keen
isolated.

The first studies presented little if any experimental
evidence of anaerobic degradation. Work by Xaneko and
coworkefs (1976) showed that anaerobic incubation of Kaneclor
500 (equivalent to Aroclor 1254) in the presence of sewage
sludge for twenty days resulted in no degradation.
Similarly, when Arcclor 1242 was incubated anaercbically in
soil enriched with biphenyl and Acinetobacter, no evidence for
degradation was seen (Brunner et al., 1985).

Although these studies were useful, they do not
conclusively demonstrate that these compounds do not degrade

in an anaerobic environment. Alternatively, these
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experiments may indicate that the environment present in the
experiment was not suitable for anaercbic degradation. A
variety of environmental conditions can affect the type of
microbial degradation and the organisms present. Some of the
more common variables are pH, temperature, nutrients (such as
yeast extract), reduction potential, substrate, and enrichment

techniques.

3.2.2. Anaerobic Degradation of Structurally Similar Compounds
Although initial studies of anaerobic degradation of PCBs
presented little evidence of anaerobic degradation,
structurally similar compounds such as the chlorophenols
(Woods et al., 1989; Mikesell and Boyd, 1988; Krumme and Boyd,
1988), 4-chlororesorcinol (Fathepure et al., 1987) and
chlorobenzoates (Horowitz et al., 1983; Suflita et al., 1982,
Palmer et al., 1989) have been shown to be degraded by
anaercbic organisms. Chlorobenzoates are perhaps the most
relevant of the three compounds mentioned above because they
are intermediate products in the microbial metabolism of PCBs.
Mono, di, and trihalobenzoates have been found to be
completely mineralized to carbon dioxide and methane using
bacteria from lake sediments and sewage sludge as well as
enriched cultures grown on 3-chlorobenzoate (Suflita et al.,

1982; Horowitz et al., 1983). Dechlorination was always



i8
accompanied by methane production. The proposed reductive
dechlorination pathway is shown in figure 3-2. In contrast
to aerobic degradation, removal of the chlorine was necessary
before the chlorobenzoate could be mineralized to carbon
dioxide and methane.

The dechlorination was thought to be a bioloqically
mediated reaction for two reasons. First, the reaction was
inhibited if oxygen was present or if the sediments had been
sterilized (e.g., autoclaved, radiated, or poisoned with
formaldehyde). Obligate anaercbes, for obvious reasons, do
not function in the presence of oxygen. Autoclaving
terminates biological degradation because most enzymes are
denatured above 39 degrees C (Keeton, 1980). Zeikus and
Winfrey (1976) also found similar temperature limitations in
their study of methancgenic organisms in aquatic environments.

Second, a lag period was observed that lasted 1 week to
52 weeks depending on the position and number of chlorines on
the benzoate. Oonce the microbes were acclimated, no lag
period was seen. A lag peried is commonly found in
biologically mediated degradation. Time is needed to select
for a population with the necessary enzymes for metabolizing
the chemical. There was a preferential loss of the chlorines
in the meta position indicating that position of the chlorine

was important.
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Figure 3-2 Anaercbic Degradation of Chlorocbenzoates

(Source: Suflita et al., 1982)
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The lag period was found to be correlated to the amount
of substrate present. For example, 4-amino 3,5
dichlorobenzoate at low concentrations (13 to 26 uM) was not
degraded after 21 weeks whereas higher concentrations (820 uM)
were degraded within four weeks (Horowitz et al., 1983).

In experiments with chlorophenol, the position and the
number of chlorines also influenced the degree of degradation.
Ortho chlorinated congeners had the shortest lag period (7-21
days) . Meta chlorinated isomers followed with a 1lag period
of 31-49 days and para chlorinated congeners were not degraaed
(Woods et al., 1989). No dechlorination of the
monochlorophenols or chlorines from the position para to the
hydroxyl group (a metabolite) was seen in the entire 7 months
of the experiment.

In studies with 4-chlororescorinol, a product of dye and
pharmaceutical industries, it was found that the lag period
could be de;reased from three weeks to two days by adding
yeast extract and trypticase. In addition, the rate of
dechlorination increased (Fathepure et al., 1987).

These studies suggest three generalizations. First,
position and number of chlorines affect the ability of

microorganism to degrade the compound. Second, . the
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degradation pathway may be a function of the concentration of
the compound. High concentration may induce degradation to
occur whereas low concentrations may not. Third, additional
substrates such as yeast extract may be necessary for

dechlorination to occur.

3.2.3 Anaerobic Microbial Degradation Studies of PCBs

Few articles in the existing 1literature describe
anaerobic degradation of PCBs. Much of the current knowledge
of anaerobic degradation has come from the General Electric
Research and Development Center in New York. This section
describes their study of anaerobic dechlorination in sediments
from the Hudson River and two other research studies of
anaerobic dechlorination. ‘

Between 1952-1973, an estimated 362,000 kg of Aroclor 1242
was released into the Hudson River in Ngw York (Brown et al.,
-1984) contaminating over 134 metric tons of sediment (Brown
et al., 1987b). Hudson River sediments were analyzed by the
General Electric Research Group to determine the total
concentration of PCBs in the sediment and the distribution of
congeners. The concentrations ranged from 1 ppm to 2700 ppm
(Brown et al., 1984). When the chromatograms from the
sediment samples were compared to a standard chromatogram of

the original source material, Aroclor 1242, a loss of the
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higher chlorinated congeners was seen. A corresponding gain
in the 1lower chlorinated congeners was observed. In
particular, there was a relative decrease in the levels of
tri, tetra and penta chlorobiphenyls and increase in the
levels of mono and di chlorobiphenyls. These results were
attributed to anaerocbic microbial degradation.

This finding is particularly significant for at 1least
three reasons. First, all prior aerobié studies had suggested
that the more highly chlorinated congeners (notably those
containing more than four chlorines) were very resistant to
degradation.

Second, this degradation process appears to dechlorinate
the more highly chlorinated congeners such as the "toxic
congeners" and thus reduce the risk that these congeners
present. The "toxic congeners" have a 4,4' chlorine
substitution with at least two chlorines in the meta position
and no more than one ortho chlorine which is adjacent to the
meta chlorine. Although the overall concentration of PCBs
in the sample remains the same, the reduction in the number
of chlorines increases the potential for aerobic degradation
to occur and decreases potential risk te health and biota.
The lower chlorinated congeners are generally thought to be
less toxic than higher chlorinated congeners.

Lastly, typical PCB residues in the sediment today are
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the more highly chlorinated biphenyls, even though they
represent only about 35 percent of the total PCBs manufactured
(Furukawa, 1982). It is important to identify bacteria cr
processes which can degrade the more highiy chlorinated
congeners since they are a significant proportion of the PCBs
in the environment.

Brown and coworkers (1984) have 1identified -several
chromatographic patterns which they attribute to different
bacterial strains. Within the Hudson River, five patterns A,
B, C, E, and X (Brown et al., 1984) occur. They are outlined
briefly below and discussed in more detail in chapter seven.
Each of the patterns shows a loss of meta and para congeners.

The congener distribution of pattern A is similar to
Aroclor 1242. Relative to Aroclor 1242, concentrations of
mono and di chlorinated congeners and tri and tetra
chlorinated congeners are reduced (e.g., congeners 18, 17, 28,
20/21/33, 22, 44, 37, 70/76, 66 and 56/60). Relative
concentrations of the penta and hexa chlorinated congeners are
slightly enhanced. This pattern was typically seen in
sediment samples from surface-water interfaces.

Pattern B was found in many of the Hudson River samples.
Again in comparison to Aroclor 1242, pattern B is
characterized by a decrease in the concentrations of congeners

eluting after congener 52/49/47 as well as a decrease in
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congeners 28/31 and 22. In general, there was an increase in
the mono, di and tri chlorinated congeners. Within the
dichlorinated congeners, congener 6 and congener 8 increase.
Within the trichlorinated congeners, cdngeners 17, 16, 32 and
27 are substantially increased. Pattern B' was the same as
B with the exception that congener 6 was not present. Table
3-1 shows the homolog weight percents for typical A and A/B
patterns.

In comparison to Pattern B, pattern C showed less removal
of the higher chlorinated congeners with the exception of
congeners 52/49/47, which were readily removed. The di and
tri chlorinated groups decreased, most notably congeners §,
5/8, 17 16/32 and 27. Congeners 1, 3, and 4/10
correspondingly increased.

Pattern E shows a selective loss of the higher chlorinated
congeners and in general was found in combinations with
pattern B and C. Pattern X was similar to pattern B; however,
levels of congeners 1, 6, and 5/8 were below pattern B; levels
of 19, 24, and 28 were above pattern B.

Brown and coworkers found a significant decrease in the
meta and para chlorines in all of the above patterns.
Thermodynamical analysis shows that the meta and para
dechlorination is favored over ortho dechlorination. The

standard reduction potentials (E) of congeners with chlorines
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in the ortho position, are more negative than isomers

Table 3-1 Homolog Distributions for Pattern AB and B

Pattern conc (# of Samples) Wt % of Homolog Group
(ppm) (Number of Chlorines)
1 2 3 4 5
Pattern A+B 162.1 (8) 6.6 26.6 39.6 18.1 8.1
Pattern B 659 (13) 13.0 41.6 30 13.7 4.0
Aroclor 1242 0.7 13.8 46.2 30.5 8.5

(Source: Brown et al., 1984)

containing the same number of chlorines (Rusling and Miaw,
1989). For example, the toxic congener 3, 3', 4, 4' does not
contain any ortho chlorines and it has a more positive
standard potential. It is also one of the more easily reduced
compounds. A moré positive standard potential indicates a
greater tendency for the reaction to occur as indicated by the
Nernst equation: delta G = -n F (delta E).

Bacteria which are able to anaerobically degrade PCBs may
have a thermodynamic advantage over those that do not (Brown
et al., 1987b). Since the PCB nucleus is not destroyed when

reductive dechlorination occurs, it is possible that the
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microbes use the PCBs as electron acceptors rather than a
carbon source (Brown et al., 1987b). Brown and coworkers
éompared the calculated values of Gibbs free energies fof the
oxidation of glucose for a variety of reactants (table 3-2).
The second highest energy 1level of any acceptor is
hexachlorobenzene, which is similar in structure to PCBs.

Note the energy value is four times higher than

Table 3-2 Energy Derived from the Oxidation of Glucose
to Ccarbon Dioxide and Water using Various

Oxidants
Reduced Gibbs Free
Oxidant Product Ener kcal/mole
Oxygen Water -676.1
Hexachlorobenzene *  Benzene -410.16
Monochlorobenzene Benzene -369.5
Sulfate ~Sul fur -131.78
Carbon Dioxide Methane - 95.63

(Source: Brown et al., 1987)

carbon dioxide.

Two other research groups have examined the ability of
anaerobes to degrade PCBs. ‘ Both groups concluded that
dechlorination occurs. Their experiments were carried out
under different conditions and subsequently their conclusions
are different although not necessarily contradictory.

Quensen et al. (1988) extracted anaerobes from the Hudson
River at a site which ranged in concentration of PCBs from 60

to 562 ppm. After introducing the anaerobic culture into a



27
series of sterilized, "clean" Hudson River sediments, PCBs
were added at concentrations of 14 ppm, 140 ppm and 700 ppm
to different reaction vessels. Controls were established
using sterilized samples and no inoculation.

Reductive dechlorination occured most rapidly in the more
highly contaminated sediments (Quensen et al., 1988). 1In the
700 ppm sample, 53 percent of the chlorine was removed in four
months with an increase in the mono and di chlorinated
biphenyls of 71 percent. No dechlorination was observed in
the least concentrated sample (14 ppm). The sterilized
control sediments and sediment containing microorganisms from
a PCB-free site in the Hudson River showed no evidence of
dechlorination.

Dechlorination appeared to occur predominantly from meta
and para positions. This finding supports the thermodynamic
advantage of the meta and para positions postulated by Brown
et al. (1987) and Rusling and Miaw (1989). It is interesting
to note that Quensen and coworkers observed a stepwise
decrease in the chlorine composition of the 700 ppm sample
with time.

The Wadsworth Center for Laboratory and Reéearch,
Department of Health, in New York also preformed several
anaerobic experiments. An enriched bacterial culture from the

Hudson River was introduced into a medium containing 20 ppm
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of Aroclor 1221 ( a lower chlorinated Aroclor
consisting mainly of mono and di chlorinated biphenyls) and
a 90.6 percent decrease was observed in the monochlorinated
biphenyls and a 65.5 percent decrease in the dichlorinated
biphenyls (Chen et al., 1988).

When bacteria were incubated anaerobically with pure
monochlorinated biphenyls (0.75 ppm) for 80 days, complete
degradation of the chlorinated biphenyls was seen. In
ceontrast, ﬁhen a higher chlorinated congener, 2,4,2',4°
tetrachlorobiphenyl was used, no anaercbic degradation was
seen.

Absence of dechlorination J".n the higher chlorinated
congener does not conclusively demonétrate the inability of
bacteria to anaerobically degrade the higher chlorinated
congeners. Insufficient incubation period or insufficient
quantities of substrate could inhibit degradation. The
anaerobic bacteria were incubated for 40 days with the higher
chlorinated congeners and 80 days with the lower congeners.
In contrast, Quensen and coworkers used an incubation périod
of 112 days. It is possible that a lag period may occur
before significant dehalogenation takes place. A lag was
observed in Quensen's work where very little dechlorination .
occured in the first month. In addition, Quensen and

coworkers found dechlorination to occur conly in the more
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highly concentrated samples (above 700 ppm) and not in the
less concentrated samples (14 ppm). The concentration of
tetrachlorobiphenyl in the experiment by Wadsworth Center was
considerably lower (0.25 ppm (Chen et al., 1988)). This may
be an insufficient quantity of substrate to support microbial
growth.

Recently, this same research group found significant
anaerobic degradation to occur in untreated sediments,
biphenyl-amended sediment, and biphenyl-amended and bacteria-
inoculated sediment from the Hudson River and Moreau sediment
(Rhee et al., 1989). The concentrations of PCBs were much
higher than previous experiments, 707 ppm and 936 ppm
respectively. These sediments were under a nitrogen
atmosphere. No degradation was observed under an anaerobic
'carbon dioxide/hydrogen gas environment with similarly treated
sediments. It is unclear why. Quensen and coworkers (1988)
found bacterial :degradation to occur in an environment which
was 80 % nitrogen and 20 % carbon dioxide.

The biphenyl-amended sediments showed a significant
decrease in the higher chlorinated congeners. This suggests
that biphenyl may be needed for the degradation of the higher
chlorinated congeners, a finding which has also been suggested
for the aerobic cometabolism of the higher chlorinated

congeners.
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Chapter 4 Site Description and Historical Use of PCBs

This chapter describes the hydrology and geology of the
study area. The history of PCB usage at the site is
presented as well as a brief summary of the regulatory
precautions that were enacted to protect human health and
the environment.

The Sheboygan River flows westward and drains into Lake
Michigan at the city of Sheboygan. Sheboygan is
approximately 89 km directly north of Milwaukee. The river
is a total of 220 stream km long and has a drainage basin of
approximately 272 square km (Wisconsin Department of Natural
Resources, 1989). Figure 4-1 shows a map of the Sheboygan
River and drainage basin as well as its two tributaries, the
Onion and the Mullet rijers. Beginning at the Sheboygan
Falls dam and ending at the harbor in Sheboygan, the 22.4 knm
river segment studied is a small portion of the total
length. This portion of the river drains approximately 57
square km (Wisconsin Department of Natural Resources, 1989).
The river is slowed by two small dams located near the
village of Kohler.

The Sheboygan River has a mean annual discharge of
approximately 7.3 cubic meters per second ( 258 cfs) based
on data collected from 1942 to 1986. The lowest flow for

this century 0.0283 cubic meters per second (1 cfs) was
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and Tributaries

4-1 The Sheboygan River
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recorded in August, 1922. The highest flow was 217 cubic
meters. per second (7,680 cfs) in March, 1975. Average
annual rainfallduring 1978 to 1986 was 762 cm per year
(Wisconsin Department of Natural Resources, 1989).
Although, the Wisconsin Department of Natural Resources
(WDNR) concluded that the river bottom from Sheboygan Falls
to Sheboygan was generally scoured in 1980, major areas of
deposition were noted, above both of the dams, near Kiwanis
Park in Sheboygan and near the Eight street island in
Sheboygan. The average rate of deposition was calculated to
be 10 cm/yr (Wisconsin Department of Natural Resources,
1989). The river deposits approximately 22,923 cubic
meters (30,000 cubic yards) of sediment a year into the
harbor (Wisconsin Department of Natural Resources, 1989).
The Sheboygan River lies in the geologic province of the
Eastern ridges and lowlands. The dominant feature is a
plain interspersed with north-~south ridges, paralleling Lake
Michigan. ' The sedimentary bedrock is comprised
alternatingly of weather resistant dolomites which form the
ridges, and erodible sandstones and shales which form the
lowlands (Paull and Paull, 1976). Glacial features such as
kames, eskers, drumlins and kettle holes are abundant.

Within the river, the sediment is predominantly fine-grained
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sand interspersed with silt and occasionally clay.

The Sheboygan River and harbor have been extensively
studied since the area was first identified as an "Area of
Concern”" by the International Joint Commission and as a
"Superfund site" by the Environmental Protection Agency |
(EPA). An "Area of Concern" is defined as a locality where
water quality objectives, standards, criteria or guidelines
are not being met and remedial actions are necessary to
restore the water quality. A "Superfund site" is an area
which, according to EPA's national ranking system, poses a
substantial risk to human health and the environment. Once
‘an area is designated as a Superfund site, parties
responsible for cleaning up the site are identified, where
possible, and remediation efforts are initiated under the
supervision of government agencies. If no responsible
party can be identified, money from the national hazardous
waste trust fund can be used to clean up the site. A
lengthy study of the extent of contamination and other
relevant information such as groundwater flow, potential
routes of exposure, and possible treatment alternatives is
necessary before.any remediation can begin.

Contamination of the river sediments by PCBs was first
identified in 1978, when the WDNR found sediment containing

190 ppm of PCBs downstream from Tecumseh Products, a die
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casting plant located on the river at Sheboygan Falls.
Further sampling at the Tecumseh Products site revealed soil
samples with concentration of PCBs as high as 120,000 ppm.
The samples were found to contain oil-soaked soil as well
as oil soaked rags, pressure hoses and other refuse
(Wisconsin Department of Natural Resources, 1989).

When the Sheboygan River and harbor was identified as a
Superfund site, Tecumseh Products was named as potentially
responsible party. .Tecumseh Products and the previous
company at the industrial site, the Die Cast Corporation,
used hydraulic fluids in the manufacture of outdoor motors.
Use of hydraulic fluids containing PCBs commenced after a
large fire occurred at the Die Cast plant. The cause of the
fire was attributed to the combustion of hydraulic fluids.
Subsequently the Die Cast Corporation switched to a
hydraulic fluid which was fire resistant.

Monsanto Company began to manufacture fire resistant
hydraulic fluids containing PCBs in the early 1950's. The
first formulation that they marketed was Pydrol F9, the -
formulation believed to be used at Tecumseh Products and the
Die Cast Corporation. Table 4-1 contains the chronology of
PCB use at these two companies. The major formulations used
by Tecumseh contained Aroclor 1248 and 1254. Tecumseh

Products acquired the Die Cast Corporation in 1966 and used
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the same equipment as the Die Cast Corporation. Based on
interviews and available records, it is thought that the Die
Cast Corporation alsoc used Pydrol F9.

Tecumseh Products ceased using hydraulic fluids
containing PCBs in 1971 because the major producer of PCBs
restricted sales to closed systems such as transformers.

The government did not prohibit the manufacture of PCBs and
use of PCBs until July 1, 1977 (Federal Register 42 part
6531 and Federal Register 44 part 315141). Before PCBs were
regulated, Tecumseh Products used material from the plant
and soil from around the plant to construct a low dike at
the river's edge. Since the dike sloped at 45 degree angle
into the river, it was relatively easy for sediment to ke
introduced into the river during high water events
(Wisconsin Department of Natural Resources, 1989).

In 1979, ?ecumseh Products voluntarily removed 2,046
cubic meters (72,300 cubic feet) of PCB-contaminated
material from the dike and surrounding area. This material
was sent to a federally-licensed disposal area ocutside of
Cincinnati, Ohio.

Since that time the area has been designated an
"Area of Concern”" by the IJC as well as "Superfund site".
The EPA has extensively sampled the river and some of the

harbor. The U.S. Army Corps of Engineers has completed
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Table 4-1 PCB Mixtures used at the Tecumseh Products Site

Company Date Formulation used
Die Cast Corp 1959~1966 Thought to have used

Pydrcl F9 . (52.5% 1248)

Tecumseh Products 1966-~1969 Pydrol F9 (52.5% 1248 ?)
1970-1971 Chemtrend HF30 (65% 1254,

4.6% 1248 9)
? —= The remaining percentage is a non-PCB product

(Source: Wisconsin Department of Natural Resources, 1989;
Mark Thimke, Lawyer for Tecumseh Products, Lauderin and
Associates, Milwaukee, WI, personal communication; Paul
Micheal, Analytical Chemist, Monsanto, Chicago, IL, personal
communication.)

several studies of the harbor to assess the nature and
extent of contamination. Contaminated sediments in the
harbor have prevented drédging of the harbor since 1969.
This has resulted in a substantial loss to the shipping
industry because barges must travel with less than a full

cargo to get in and out of the harbor.
A fish consumption advisory has been in effect since

1978 when it was found that fish from the sSheboygan area

exceeded the Food and Drug Administration limit of 5 ppm,



37

which was subsequently lowered to 2 ppm in 1984 (Federal
Register 38 part 18096, Federal Register 49, part 21514).
A waterfowl consumption advisory was issued in 1987 when the
waterfowl were found to exceed the 3 ppm fat based limit set
by the Food and Drug Administration (Wisconsin Department of
Natural Resources, 1989).

Most recently, the EPA has begun the removal this fall
of 1,910 cubic meters (2,500 cubic yards) of sediment from
the river in the vicinity of Tecumseh Products and Rochester
Park. These highly contaminated sediments will be placed in
a.confined disposal facility and monitored tc determine if
anaerobic and aerobic biodegradation is occurring. In
addition, 1,854 square meters (20,000 square feet) of
sediment will be amoured in place by covering the sediments
with a fabric liner, followe& by sand and gravel. The
sediments will remain amoured until final treatment
decisions are made in 1991 (United States Environmental

Protection Agency, 1989).



Chapter 5 Sample Collection, Materials and Methods

This chapter delineates how sediment, fish and water
samples were collected and prepared for high resolution gas
chromatography analysis. A summary of operating conditions
of the gas chromatographs is included as well as a
discussion of the quality control measures used. Lastly,

the procedure used for analyzing grain size is explained.

5.1. Sample Collection
5.1.1. Sediment

Two sediment sampling trips were made to the Sheboygan
River (December 2, 1988 and April 28, 1989). On the first
trip, five sites were sampled: above the Sheboygan Falls dam
(Sheboygan Falls, site A), at Rochester Park (Sheboygan
Falls, site B), above the upper Kohler dam (Kohler, site C),
above the lower Kohler dam (Kohler, site D) and near Kiwanis
Park (Sheboygan, site E). Figure 5-1 shows the exact
locations. On the second trip, samples were only taken at
Rochester Park (Site T).

Based on information from previous studies, these five
sampling sites were selected because it was thought they
would represent concentrations varying from high (Rochester
Park) to low (above Sheboygan Falls dam). At each site, an

effort was made to sample areas of deposition, since there



Figure 5-1 Map of Field Site



(*Ww09) |-G ainBly

L083HS ~

. . * .
N VD L0 H ./, K

5. OUNE SN W 3 S I A I A
s ok Ie LR Q

-
o -y
B moy i A SNl . ) 2L 5 N 9 *




41
is evidence that all things equal that finer grained
material contains higher concentrations of PCBs than coarser
grained material (Karickhoff, 1979).

Sediment cores were taken with a hand-held cylindrical
coring device which was plunged into the soft sediment. The
coring device was then slowly removed and a cap placed on
the bottom of the cylinder while it was still under water.
Since the cylinders, approximately 8 cm in diameter and 1.5
meters in length, were made out of clear plexiglass, it was
relatively easy to examine the core. In all cores , the
sediment-water interface remained undisturbed and intact
with distinct boundaries between different sediment
compositions. The cores were extruded cut of the cylinders
using a hydraulic pump. Each core was divided into 15 cm
segments which were put into glass mason jars with teflon

caps and stored at 4 degrees C until time of analysis.

5.1.2. Fish

Fish samples were collected by the Wisconsin Department
of Natural Resources in the summer of 1988. Ten of the fish
were collected in the Kiwanis Park area; the remaining
eleven fish were caught in the harbor area. The fish

tissue was frozen until time of analysis.
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5.1.3 Water
Water samples were collected from the Sheboygan River

at five locations corresponding to the five locations of the
sediment cores. Two sampling trips were made. One on
August 3 to collect water from Kiwanis park, above Sheboygan
Falls and Rochester Park: and a second on August 17 to
collect water from Kiwanis park, above the upper Kohler dam,
and below the lower Kohler dam.

At each site, samples were taken from a boat in the
middle of the river. A narrow-neck one liter bottle
enclosed in a steel cage was dropped gently over the edge of
the boat and lowered to the river bottom, usually no more
than one to two meters. The bottle was then pulled at a
rate such that the bottle was just filled when it was a few
centimeters from the water's surface. This method, referred
to as the depth integrated profile method, is thought to
give a more representative sample than a single point sample
(personal communication, Leo Haus, United States Geologic
Survey, 1989). The one=-liter bottle was cleaned according
to State laboratory of Hygiene's procedure for water
sampling bottles (1989) and was rinsed with river water
before sampling. A clean bottle was used at each site.

The narrow-neck bottle was emptied into a nineteen-

liter beverage canister. The bottle was lowered several
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more times until the canister was filled. The canisters
were rinsed with hexane three times before leaving the lab.
The canisters were brought back to the lab and filtered

within three days.

5.2. Materials
5.2.1. Solvents

Solvents: Acetone, Cyclohexane, Ethyl Ether, Hexane,
Iso-octane, Methylene Chloride. High puritf (Baxter,
Burdick and Jackson). '

5.2.2. Chromatographic Adsorbents

Florisil: Pesticide residue grade, 60/100 mesh,
activated at 130 degrees C for 12 hours and stored until use
in an air tight container at room temperature (Floridin
Co.).

Silica gel: 100-260 mesh, grade 923, activated at 130
degrees and stored until use at 130 degrees C until use.
Deactivated with 5 % distilled water at least one hour
prior to use (Davison Co.).

5.2.3. Standards

Aroclor standards 1232, 1242, 1254, 1260 in methanol
were obtained from the EPA-EMSL Quality Assurance Branch in
Cincinnati, OH and diluted to appropriate levels. Internal

standards, congener 30 and 204, were ordered from Ultra-
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Scientific.
5.2.4. Other Chemicals and Materials

Sodium Sulfate: granular, heated at 130 degrees
overnight to activate (Mallinckrodt).

Copper: granular, 20-30 mesh (J.T. Baker Inc.)

Glass wool: soxhlet-extracted in 50/50 acetone hexane
for four hours (Corning glassworks).

Boiling Chips: soxhlet-extracted in 50/50 acetone/hexane
for four hours (Cargille Scientific Co).

Glass Filters: 29.3 cm diameter GC 50 grade, wrapped in
aluminum foil and ashed for ten hours at 400 degrees C and
stored in foil packets until used (Micro Filtration
Systems).

XAD-2 Resin: (Sigma Chemical Co.) Resin was extracted
fdr 24 hours each in meﬁhanol, acetone, hexane, methylene
chloride and then extracted four hours in acetone, hexane
and acetone. The resin was then rinsed with distilled water
and stored in glass bottles filled with distilled water
until needed.

ASTM Soil Sieves for grain size analysis

19~-liter stainless steel canisters (Beverage Industry).

Bio-beads Gel Resin (SX-3): for the Gel Permeation

Column (Biorad).
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5.2.5. Equipment

Hewlett Packard 5880 Gas Chromatograph with DB-5 column
and ECD detector.

Hewlett Packard 5890 Gas Chromatograph with DB=1 column
and ECD detector.

Hewlett Packard 5790 Gas Chromatograph with a Packed
Column.

Low Pressure Gel Permeation Column Autoprep 1001
Chromatograph (ABC Labs)

Rotovap and air blowdown apparatus

Filtration apparatus: 293 mm millipore filtration head
5.2.6. Glassware

Cleaning protocol: Glassware was washed with laboratory
detergent, rinsed with hot municipal tap water and two
rinses of distilled water, and dried at 180 C. ‘For water
analysis, all glassware was rinsed three times with hexane.

General glassware as well as chromatographic columns (2
cm id and 1 cm id), resin columns (3 cm by 17 cm), 500 ml

separatory funnels, glass soxhlets and flasks were needed.

5.3. Extraction and Cleanup Methods
5.3.1. Sediment
The method used to cleanup sediments was based on the

State Laboratory of Hygiene procedure for congener specific
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PCB analysis (State Laboratory of Hygiene, 1989). A
schematic of this process is shown in figure 5-2 and a
summary of the method used is given below.

The sample was removed from the mason jars, placed on
aluminum foil and allowed to air dry until the sample had
less than 30 percent moisture but at least 10 percent
moisture. To insure that a homogenized representative
sample was used, the sediment was sieved through a number 10
sieve and the residuals, predominantly twigs and shell
fragments, discarded. Ten grams of the sediment was dried
overnight at 120 degree C to determine the moisture content
of the soil.

Fifty grams of the sediment was placed in an acetone-
washed filter thimble which was placed into an acetone-
washed soxhlet. Three hundred ml of a 50/50 hexane/acgtone
solution was poured into a soxhlet flask. Before the
soxhlet, flask, and distillation column were assembled,
granular copper was added to the soxhlet flask to remove any
sulfur interference and to insure uniform boiling. The
sediment was soxhlet-extracted for 8 hours. The temperature
was set so that the solvent would cycle about five to eight
times an hour.

Once the extraction apparatus had cooled, the sediment

was discarded and the acetone-hexane solution containing the



Figure 5-2 Analysis of PCBs in Sediment
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PCBs was placed in a warm water bath and concentrated to
approximately two ml under a gentle stream of filtered air.
The sample was diluted with approximately ten ml of iso-
octane and again concentrated to remove any remaining
acetone. Enough sodium sulfate was added to the sample to
adsorb any water remaining in the beaker after the blowdown
stept

Florisil columns were prepared by pouring hexane into a
twenty ml column until it reached the base of the bulb.
Next the column was filled with two grams of sodium sulfate,
followed by 22 grams of Florisil and then another two grams
of sodium sulfate. The hexane was drained to the top of thé
first sodium sulfate layer and the eluant discarded. The
sample was poured into the column and eluted at a rate of
five ml/minute. When the sample reached the top of the
sodium sulfate layer, the beaker that had contained the
sample was rinsed with a small amount of hexane and added to
the column. After the first rinse reached the sodium
sulfate layer, a second rinse was added to the column. The
sample was eluted with 200 ml of a 96/4 percent hexane/ethyl
ether solution.

When all of the solution was eluted, the sample was
concentrated in a warm water bath under a sfream of air to

approximately five ml before silica gel fractionation. The
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silica gel columns were prepared by filling a column (10 mm)
to the base of the bulb with hexane, adding two grams of
sodium sulfate, five grams of deactivated silica gel and
then another two grams of sodium sulfate. Best results were
found when the silica gel was deactivated with five percent
distilled water and allowed to equilibrate for an hour in a
sealed Erlenmeyer flask.

The sample was eluted by the same procedure used for
the florisil fractionation with the following two
exceptions: the flow rate was 1-2 ml/min and the sample was
eluted with 50 ml of hexane. When all of the hexane had
eluted through the column, the sample was concentrated and
the solvent switched from hexane to iso-octane. Next the
sample was diluted to 50 ml and screened on the packed
column to determine if further dilution (or concentration)
of the sample was necessary before performing high

resolution gas chromatography.

5.3.2. Fish

The procedure for extracting PCBs from fish was similar
to that used for sediment and for water with the exception
that a gel permeation column was necessary to remove fat
which would interfere with high resolution gas

chromatography. The procedure used was that of the State



50
Laboratory of Hygiene (State Laboratory of Hygiene, 1989)
and is shown schematically in figure 5=3.

The entire sample, weighing approximately 200 grams was
ground up in a high speed blender with dry ice to homogenize
the sample. The dry ice was allowed to sublime overnight.
Ten grams of the sample was mixed with 60 grams of sodium
sulfate to remove any moisture in the sample and then the
sample was poured into a 20 mm i.d. chromatographic column
containing two centimeters of sodium sulfate.
Dichloromethane (230 ml) was used to elute the sample at a
rate of 5 ml/min. Once the dichloromethane was through the
column, the sample was concentrated to five ml in a warm
water bath under a gentle stream of filtered ai:.
Cyclohexane was added to the sample until a final volume of
ten ml was reached. A two ml aliquot was taken from the ten
ml sample and was weighed. The solvent was evaporated from
the sample and reweighed to determine the percent fat in the
sample. .

To remove the fat from the sample, a gel permeation
column (GPC) was used. GPC is based on the principle of
size exclusion. Larger molecules, such as fats move
relatively quickly through the column; however, smaller
molecules such as PCBs, DDE and toxaphene, move more slowly

because they permeate the multitude of smaller channels in



Figure 5-3 Analysis of PCBs in Fish
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the gel which are not available to the larger fat molecules.
Five ml of each sample was injected onto the GPC. The first
100 ml of eluate to come off the column was discarded
because it contained the larger fat molecules. The second
160 ml was collected as this fraction contained the PCBs and
was concentrated to five ml.

Silica gel fractionation was performed using the same
procedure as that for sediment: five grams of silica gel (5%
deactivated with water) ahd 50 ml of hexane for the eluant.
After silica gel fractionation, the sample was concentrated
to five ml in iso-octane and diluted if necessary before

analyzing on the gas chromatograph.

5.3.3. Water
PCBs were extracted from the water using the

filterhead-resin bed method. Although a brief summary of
this procedure is given below, a more detailed discussion
can be found by Marti (1984), Crane (1986) and the State
Laboratory of Hygiene (1989). Figure 5-4 shows a schematic
of the procedure used.

After the samples were brought back to the lab, the 19-
liter beverage canister containing the water sample was
connected to a tank of ultra pure nitrogen gas by a teflon

hbse and alsoc connected to the filterhead by copper tubing.



Figure 5-4 Analysis of PCBs in Water

Pressurize cannister
Force sample through
" Glass filter and resin

Place filter and

resin In soxhlets

Soxhlet-extract
for 16 hrs

[
Liquid-liguid extraction w/hexane

|
conc

1

Florisil Fractionation

]
Silica Gel Fractionation

T
Analyze by GGC-ECD for PCBs




53



54
An ashed glass filter was placed on the filterhead and
wetted with distilled water before the filterhead was
fastened securely in place. An XAD resin column was
attached to the bottom of the filterhead. The canister was
pressurized with approximately 5 psi of gas; causing the
water to flow from the canister through the filterhead, the
resin and into a carboy located below the filterhead. To
maintain a flow rate of 200 ml/minute, it was necessary to
have the gas pressure at 1 to 2 psi.

The resin columns were prepared by fitting a short bit
of tubing with a clamp over the end of a glass column (3 cm
by 17 cm). The tubing was attached to a water aspirator to
help pack the column. The column was then filled with
distilled water. A small portion of glass wocl was pushed
into the column and any air bubbles driven out by tapping
the wool with a glass stirring rod. Enough XAD-resin was
poured into the column so that the column had a resin bed
depth of 14 cm. A small portion of glass wool was placed on
the top. The packed resin remained in distilled water until
just after the canister was pressurized whereupon the tubing
and clamp at the end of the column were removed and sample
water began to flow through the resin.

Once all of the water had been filtered, the volume of

the filtrate in the carboy was measured and the filtrate
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discarded. Next the resin column was uncoupled from the
filterhead, and inverted over a hexane-rinsed soxhlet.
Acetone was added until the resin would flow into the
soxhlet. Both glass wool plugs were added to the soxhlet.
The column was then rinsed with 60 ml of acetone and 40 ml
of hexane. Enough of the 60/40 acetone/hexane solution was
added to insure a final volume in the soxhlet and flask of
350 ml. After boiling ghips were dropped into the flask,
the flask and soxhlet'were placed on a hot plate and
soxhlet-extracted for 16 hours.

The filter was peeled off the filterhead, wrapped
tightly and placed into a soxhlet. Then the beverage
canister was wiped with a small bit of glass wool to remove
any particles. The canister was rinsed three times with 50
ml of a 60/40 acetone/hexane solution. The filterhead was
also wiped with glass wool to remove particulates and both
pieces of glass wool were placed in the soxhlet containing
the filter. Three consecutive rinses of 50 ml of
hexane/acetone were siphoned from the canister, through the
filterhead and caught in a beaker. These rinses were added
to the other rinses in the soxhlet containing the filter.
Again enough 60/40 acetone/hexane solution was added to the
soxhlet and flask until a final volume of 350 ml was

reached. Boiling chips were added and the filter was



56
soxhlet-extracted for 16 hours.

Since the filter, resin and glass wocl contained water,
all of the samples needed to be liquid-liquid extracted
after soxhlet-extraction. The sample was poured intoc a 500
ml separatory funnel and extracted three tiﬁes with 75 ml of
hexane. Next the sample was placed on to a rotovap to
concentrate the sample to approximately 30 ml whereupon it
was. transferred to a water bath and concentrated under a
gentle stream of air to ten milliliters. About 20 ml of
isc~octane was added and the sample was concentrated again.
This step was repeated for all of the samples.

Once the samples were concentrated to apprcoximately five
ml, they were ready for florisil fractionation and silica
gel fractionation. The general procedure for preparing and
eiuting the compounds was the same as that for sediments;
however, for florisil fractionation, only eight grams of
florisil were needed for the column and only 50 ml of 94/6
hexane-ethyl ether was needed for the eluate. The same
procedure was used for silica gel fractionation.

All samples were concentrated to five ml after
fractionation and screened on the packed column to determine
if further concentration of the sample was necessary before
analyzing the sample on the high resolution gas

chromatograph.
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5.4. Gas Chromatography

High resolution gas chromatography was used for the

analysis of PCBs in all matrixes. Table 5-1 contains the
operating conditions for the three machines used. All of
the samples were first screened on the packed column, and
then run on the Hewlett Packard (HP) 5880. Confirmatory
analysis of congeners was done on the HP 5890.

The HP 5880 was calibrated before each run using a 0.61
4g9/g standard containing Aroclor 1232, 1248, 1262 at 0.25
mg/l, 0.18 mg/l, 0.18 mg/l respectively; the HP 5890 was
calibrated with a 1.22 ug/g standard of similar composition.
No more than ten samples were run in a single batch and
periodically a standard was run at the end of the batch to
assure that later samples were correctly identified. Each
sample was spiked with internal standards 30 (12.5 ng) and
204 (13.8 ng) to correct for variability in injection sample
size and to correct for drift in the rention times of the
congeners. Ten percent of the samples were run in duplicate
to assess the precision of the analysis. A matrix spike for
each batch of samples was run (a single batch typically
contained 10 samples) to assess the accuracy of the

analysis.
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Table 5-1
Operating conditions for the Gas Chromatographs

Hewlett-Packard 5880 Gas Chromatograph

60 m DB5 column, 0.2 mm ID
Hydrogen carrier gas, Nitrogen makeup gas
Electron Capture Detector at 320 degrees C
Oven temperature program

90 C -~ 0.5 min

90 - 150 C at 10 C/min;

150 - 220 € at 1 C/min;

220 - 270 C at 3 C¢/min, hold for 2 min
Injection size of 3ul

Hewlett-Packard 5890 gas chromatograph
60 m DBl column, 0.2 mm ID
Hydrogen carrier gas, Nitrogen makeup gas .
Electron Capture Detector at 320 degrees C
Oven temperature program, same as HP 5880
Injection size of 2ul

Hewlett-Packard 5790 gas chromatograph
6 £t x 4 mm column
Packed with 4% SE 30/ 6% OV 210
Oven temperature of 235 degrees C
Injection size 2ul '

Confirmatory analysis was done for approximately ten
percent of the samples using the HP 5890. Additional
confirmatory analysis was done by State Lab of Hygiene
personnel on a mass spectrometer for specific congeners.

Limits of dectection were available for each methqd from
the State Laboratory of Hygiene (State Laboratory of
Hygiene, 1989). Limit of dectection is defined as the

response that is three times the standard deviation of the
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background noise. Congener values which fell below the
limit of dectection were not reported. Limits of
dectection for each method are included in Appendix A. In

addition, congeners which deviated from the standard
retention time by more than a tenth of a minute were not
reported. For congeners which coelute, this value was

relaxed to a twentieth of a minute.

5.5. Grain Size Analysis of Sediment’

Grain size analysis determines the percent of sand,
silt and clay in a sediment sample. The larger particles
such as pebbles and sand can be physically separated and
classified using sieves having different sized apertures:;
however, the smaller particles such as clay and silt c¢annot
be separated using sieves and therefore must be separated by
gravitational methods (such as a sedimentation test).

For sedimentation tests, most often a slurry containing
fine particles and distilled water is made up and a
hydrometer which measures the density of a solution is
placed in the slurry. At given time intervals, readings are
taken. As the time of the analysis increases, the heavier
particles settle out and the solution becomes less dense.

Sedimentation tests are based on Stoke's Law which

describes the velocity of spherical particles of a known
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density in a solution of known density and viscosity

PRy 3 ‘Y-, .
v=SL% j
[&n
where
v - velocity (cm/sec)
Y, - the specific weight of a solid (g/cm)

Y« = the specific weight of water (g/cm)

7 = the viscosity (g-sec/cm2)

D - the diameter of the particle
The equation can be rewritten to solve for the diameter at
any time since all other variables are known. (The velocity
can be calculated indirectly by knowing the depth of the
hfdrometer and the time.)

Grain size analysis was preférmed on 18 of the
sediment samples. Because a large amount of fine material
was recommended for the sedimentation test (Das, 1986 and
Head, 1980), a small subset of the total samples (ten
samples) was used for the sedimentation test because other
samples contained insufficient quantities of sediment to do
the test.

The method used for sieving was based on the American
Society for Testing and Materials (ASTM), Standard Method
for Particle Size Analysis, Method D422-63 (American Society
of Testing and Materials, 1987). Slight modifications to

this procedure were suggested by Norm Severson (personal
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communication, Department of Civil Engineering, Madison, WI
1989).

A summary of the method follows (for further detail,
see ASTM D422). A sediment sample weighing between 100 to
200 grams was placed in a No. 200 mesh ASTM sieve over a
large basin. None of the sample was pretreated with
hydrogen peroxide or hydrochloric acid as it was desired to
determine the particle size distribution in an unaltered
environmental sample. The hydrogen peroxide removes organic
matter and the hydrochloric acid removes carbonate cement
between particles.

The sample was rinsed with a steédy stream of tap water
(referred to as "wet-washing") until the water running out
from the sieve was clear. Wet-washing is necessary because
there is a tendency for the finer clay and silt particles to
adhere to thé larger particles when a sample is dry sieved.
The turbid, murky water from wet-washing was collected in
the basin and allowed to settle overnight. The water was
siphoned off and the sample was dried, crushed to break up
any aggregation of particles, and weighed.

Fifty grams of the fine sediment was used for the
sedimentation test. A 150 ml of a deflocculating agent was
added to the sediment to disperse large flocs of aggregated

particles which may settle out in the absence of a
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deflocculating agent. The deflocculating agent replaces the

divalent and trivalent cation with sodium and causes the
clay micelles to repel (Hillel, 1982). The dispersing agent
was 35.7 grams of scdium hexametaphosphate (commercially
known as Calgon) and 7.94 grams of sodium carbonate in one
liter of distilled water.

The sample was then mixed using a high speed mechanical
stirrer for two minutes. The slurry was transferred into a
one-liter sedimentation cylinder and diluted with distilled
water to the one-liter mark. After a rubber stopper was
placed in the end of the cylinder, the cylinder was inverted
sixty times in one minute. Immediately after the last
inversion, a hydrometer (ASTM 152 H) was placed in the
slurry and readings were taken at the following intervals: O
seconds, 15 seconds, 30 seconds, 1 minute, 2 minutes; 4
minutes, 8 minutes, 15 minutes, 30 minutes, 60 minutes, 1
hour, 2 hours, 4 hours, 8 hours, ahd 24 hours. Corrections
for temperature, meniscus level and density of the
deflocculating agent were made to the hydrometer readings
(see Das, 1986 for further detail).

The sample remaining on the sieve after being wet-
washed was dried in an oven (120 degrees C) and sieved
through a number 10 sieve and a number 40 sieve. The

former separates the large sand grains from the medium sand
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grains while the latter separates the medium sand grains
from the fine sand grains (American Society for Testing and
Materials, 1987). A number 10 sieve is routinely used in
preparation of sediment samples for gas chromatography
analysis. Unfortunately, sediment samples were prepared for
gas chromatography analysis before it was decided that the
samples would be analyzed for grain size and subsequently
the material that remained on the number 10 sieve was
discarded before it was weighed. Since the sediment is a
fine grained fluvial deposit, almost all of the sediment
passed through a number 10 sieve. In addition, most of the
matter not passing was organic matter such as twigs,
material which would not ordinarily be used in a grain size

test.
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Chapter 6 Results
This chapter contains the results of grain size analyses
as well as the concentration and distribution of the PCB
congeners in sediment, water and fish samples collected from

the Sheboygan River.

6.1. Grain Size

In general, the sediment is comprised of fine-grained sand
and silt interspersed with clay and organic debris. The grain
size test results determining the sand, silt, and clay
fractions are also given in table 6-1.

The sediment samples are composed predominantly of fine
sand, although a few samples are comprised of almost'equal
percentages of fine sand, and silt and clay. In general, the
proportions of fine sand and fines (silt and clay) remain the
same for different 1locations, reflecting the relative
homogenity of the fluvial deposits.

The medium sand fraction is probably overestimated since
this fraction was in part composed of organics such as leaf
fragments, and grass. Organic matter can be removed using
hydrogen peroxide. Hydrogen peroxide was not used in the
pretreatment of samples since it was desired to measure the
grain size in an unaltered state representative of field

conditions.
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In cases where there was sufficient sample, sedimentation
tests were performed to separate silt from clay. These
results are summarized in table 6-1. As can be seen from the
table, the silt fraction is higher than the clay fraction in
all but one of the samples and in many of the samples the
silt fraction is almost twice the clay fraciion. Again the
variation of the percentages of silt and clay with location

is small.

6.2. Sediment Samples from the Sheboygan River
6.2.1. Total Concentrations‘of PCBs in Sediment

The total PCB concentrations ranged from a high of 1590
ppm found above the Upper Kohler dam to a low of 0.04 ppm
found above the Sheboygan Falls dam (background
concentrations). Although there is considerable wvariation
among the samples, in general total PCB concentrations
decreased as one moves downstream away from the source. The
average value for each core is shown on a map in figure 6-1.
Values for each individual 15 cm section of core are given in
table 6-2.

As seen from the samples (A samples) collected above
Sheboygan Falls Dam, the background concentrations are very
low (an average of 0.05 ppm). For the remaining cores, the

top 15 cm of the core, containing the sediment-water
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Table 6-~1 Results of Sieved Sediment Samples
Based on ASTM Definitions?®

Sand Fraction Fine Fraction
Sample PCB Conc Medium Fine Silt Clay

(ppm, dry wt)
(2.0mm-425um) (425um=75um) (74pm-5um) (<5um)

Al-2 0.04 4.9 62.3 20.4 12.6
A2-2 0.02 8.2 66.9 16.2 8.7
B1-1 8.5 6.4 64.8 18.9 ' 9.9
B1-2 345.9 8.0 53.9 23.9 14.2
B1-3 334.2 8.8 59.0 19.3 13.1
Cl-3 3.8 5.3 47.3 28.4 18.4
D2-3 300.3 15.9 43.8 41.1%

D2-4 4.2 6.4 61.6 31.7%

E3-1 7.7 8.0 62.9 29.3%

T1A 50.3 8.9 69.4 19.8 9.5
T2B 76.9 5.4 76.4 18.4%*

T2C 97.8 4.6 62.3 14.8 18.4
T2D 3.5 5.2 65.4 21.0 8.7
T3B 60.9 5.5 63.8 15.7 15.0
T3C 0.5 2.4 90.5 6.8%

T3D 0.4 3.4 80.7 15.9%*

T4B 12.5 5.4 85.0 9.6%

* -- Indicates combined silt and clay fractions

*American Society of Testing and Materials, 1987
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Table 6~2 Total PCB Concentrations in River Sediment
(ppm, dry wt)

Sample Concentration
Above Sheboygan Falls
Dam
Al-1l _ 0.0354
Al-2 0.0176
Al-3 0.0381
Al-4 0.0866
Al-5 0.0916
Ave., 0.044
A2-1 0.033
A2-2 0.0235
A2-3 0.0663
A2-4 0.1611
A2-5 : 0.0581
Ave, 0,049
Rochester Park
Bl-1 8.5
Bl-2 345.9
Bl1-3 334.2
Bl-4 3.6
Ave, 173.1
B2-1 113.9
B2-2 : 143.1
B3 (composite) 162.3
Ave, 139.8
Above Upper Kochler Dam :
Ccl-1 28.7
Ccl-2 8.6
cl-3 - 9.8
Cl-4 113.6
Ave. 40.2
c2-1 3.9
c2-2 12.4
c2-3 1585.8 :
Ave., 534.0
Above Lower Kohler Dam
D1-1 4.4
D1-2 117.9
D1-3 144.5

Ave. 88.9
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Table 6=2 Total Concentration of PCBs in River Sediment

{cont.)

Sample Concentration

Above Lower Kohler Dam (cont.)

D2-~1 8.2
D2-2 70.5
D2-3 300.3
D2~4 4,2
Ave, 95.8

Kiwanis Park
El-1 1.9
El~2 0.7
E2-1 2.1
E3-1 7.7
Rochester Park (Second Sampling Trip)
T1A 50.3
T1B 21.3
T1C 0.8

Ave., 24.1
T2A 18.8
T2B 76.9
T2C 97.8
T2D 3.5

Ave. 49.3
T3A 1053.7
T3B 60.9
T3C 0.5
T3D 0.4

Ave. 278.9
T4A 8.6
T4B 12.5
T4C 26.8

Ave. 16.0
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interface, had relatively low concentrations of PCBs (an
average of 21.4 ppm ekcluding sample T3A). The next two ccore
ségments (15-30 cm and 30-45 cm) typically had the highest
concentrations (an average of 174.4 ppm), while the bottom
core segment (45-60 <cm) had on average the lowest

concentrations (an average of 2.4 ppm excluding sample C1-4).

6.2.2. Homolog Distribution Patterns in Sediment

Samples from the first sampling trip (in which all sites
were sampled) could be divided into two distinct groups based
on their homolog patterns. One pattern had an enrichment in
the lighter chlorinated congeners relative to the original
Aroclor patterns while the other pattern had a distribution
similar to the originai Aroclor patterns. This distinction
appeared to be a functioh of concentration. " Samples
containing PCB concentrations greater than 50 ppm appeared to
be enriched with the lighter chlorinated congeners, whereas
those with less than 50 ppm PCBs were not.

Samples containing 50 ppm or more PCBs had significantly
higher concentrations of mono and dichlorinated congeners
compared to the original Aroclors introduced into the river.
Using a multivariate t test, these samples were found to be
statistically different in composition from Aroclor 1248,

Aroclor 1254, and a 50/50 mixture of Aroclor 1248 and 1254
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All p values were less than 0.05. A p value smaller than 0.05
means that the samples are significantly different at the
ninety fifth percentile confidence interval. There is less
than a five percent chance that the sample came from a
distribution that contained the Aroclor mixes. Figure 6-2
and 6-3 show the homolog distribution of sediment samples with
PCB concentrations above 50 ppm from the first and second
sampling trips. Although the two sets of data are from
different sampling trips, there is no statistical difference
between these samples (p=0.8870, using a test of two means).
In samples containing PCBs concentrations less than 50
ppm from the first sampling trip (sites B,C,D,E), the homolog
patterns slightly resembled the original Aroclors introduced
into the river; however, they were statistically different
from Aroclor 1248, Aroclor 1254 and a 50/50 mix of Aroclor
1248 and 1254 (using a multivariate t test p values were found
to be 1less than 0.05 for all comparisons). This 1is
illustrated graphically in figure 6-4.
There were too few samples with concentrations less thén
50 ppm from the second sampling trip (Rochester Park site, T
samples) to use a multivariate t test. These samples were
found to be statistically different from the di,-tri, tetra,
hepta and octa homolog groups of the original Aroclors using

a univariate t test ( p < 0.05). This is illustrated in
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figure 6-5. Interestingly, the samples from the second
sampling trip containing less than 50 ppm (Rochester Park, T
samples) were very similar to the distribution of the more

highly concentrated samples from the same area (p= 0.8875).

6.2.3. Most Prominent Congeners in Sediment

The most prominent congeners are listed in table 6-3.
These results are also presented graphically in figure 6-6 and
figure 6-7. Relative to the original Aroclors, particularly
high concentrations of congeners 5/8 (congeners 5 and 8
coelute) were seen. The highest concentrations were found in
samples containing more than 50 ppm PCBs, 29.2 percent on
average. In contrast, samples containing less than 50 ppm of
PCBs, contained only 11.4 percent on average. Areas of high
concentrations of PCBs, such as Rochester Park, had high
concentrations of congener 5/8 throughout the <core,
independent of concentration in each individual segment of
core. Samples from Rochester Park had on average 24 percent
congener 5/8 whereas all other sites had on average 11.5
percent. <Congeners 4/10, 16/32, 17, 24/27, 47/48 and 26 were
also abundant in comparison to the original percentages in the
Aroclors. Although 28/31, 52, 66/95, and 77/110 were
prominent congeners, they were present in diminished

quantities in the sample relative to the original quantities
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Table 6-3 Most Prominent Condgeners in Sediment
(Weight Percent of Total)

Congener 1st trip 2nd trip Aroclor Aroclor
samples >50 ppm (R.Park only) 1248° 12542
samples >50 ppm
4/10 2.1 1.6  0.03
5/8 29.9 27.4 2.1 0.06
17 9.2 10 1.2 <0.1
16/32 10.1 9.8 1.9 <0.1
47/48 7.7 7.2 4.0 0.4
24/27 2.8 3.4 0.18 <0.1
28/31 6.3 6.6 17.7 0.6
66/95 3.7 4.1 9.0 7.6
77/110 2.5 2.5 9.2
26 2.0 2.9 0.4 <0.1
52 2.4 4.4 4,2
49 2.0 3.0 1.0
Congener 1st trip 2nd trip Aroclor Aroclor
samples <50 ppm (R. Park only) 1248° 1254°
samples <50 ppn
5/8 6.3 17.3 2.1 0.06
17 10.3 1.2 <0.1
16/32 4.1 11.3 1.9 <0.1
47/48 6.3 8.3 4.0 0.4
28/31 8.6 9.9 17.7 0.6
66/95 7.9 4.0 5.0 7.6
77/110 4.1 3.0 2.5 9.2
26 3.1 0.4 <0.1
52 4.3 1.8 4.4 4.2
49 4.1 2.2 3.0 1.0
41/64/71 2.9 0.7 <0.1

3 Manchester, 1988
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in the Aroclor mixtures.

6.2.4. Accuracy, Precision and Confirmatory Analysis for
Sediment Samples

A duplicate sample and a spiked sample were included in
every batch of samples run. Sediment was spiked with an
Aroclor mixture of Aroclor 1232, 1248 and 1262 at a level of
0.61 ppm. The recoveries for the spikes are listed in the
table below and are calcluated by summing the individual
congener concentration. The recoveries varied from a high
of 108.1 percent to a low of 81.8 percent with an average

recovery of 92.5 percent.

Table 6-~4 Percent PCB Recovery from Spiked Sediment

Run 1 81.8
-Run 2 108.3
Run 3 81.9
Run 4 95.4
Run 5 94.4
Run 6 94.5
Run 7 89.2
Run 8 94.4

Values for duplicate samples are given in table 6-5.
Confirmatory analysis was performed on approximately 25
percent of the sémples (15 samples out of a total of 59
samples) using a DB-1 column. Good correlation was found

between the two data sets (correlation coefficient of 0.983).
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Since many of the samples had very high concentrations of
congener 5/8, additional confirmatory analysis of this
particular congener was sought. Six of the samples,
containing high concentrations of PCBs (342.8 ppm on average)
and high concentrations of congener 5/8 (43.7 percent on
average), were analyzed using an Electron Impact Gas

Chromatography Mass Spectrometer. All of the spectra

Table 6-5 Duglicate Sediment Samples

Duplicate Results Mean Percent Agreement
1 345.9, 414.8 380.4 90.9
3 4.6, 5.2 4.9 93.9
2 7.0, 8.2 7.6 92.1
7 76.9, 69.3 73.1 94.8
6 0.53, 0.49 0.51 92.2
4 97.8, 134.8 116.3 84.1
5 4.4, 5.1 4.75 92.6
8 20.74, 20.92 20.83 99,6

confirmed that the previously identified congener 5/8 peak
was indeed a dichlorinated biphenyl. The sample spectra were
compared to a library of known spectra compiled _by the
National Bureau of Standards. A computer algorithm designed
to match the most significant peaks determined the agreement
between the sample and known standard. Good agreement was

found for all spectra as indicated by the percent match which
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varied between 83.2 and 96.6 percent with an average match of

91.8 percent.

6.3. Sediment Samples from the Harbor

Three cores from the Sheboygan Harbor were obtained from
the EPA and analyzed to determine the PCB congener
distribution. The cores were located near the mouth of the
harbor. TWO cores were taken at a sediment depth of
approximately 30.5 cm (1 ft). The remaining core ranged from

the surface-water interface to a depth of 50.8 cm (20 inches).

6.3.1. Total PCB Concentrations in Harbor Sediments
Table 6-6 contains boring depths of the core and the
concentration of PCBs found in each segment of the three

cores.
6.3.2. Homolog Distribution in Harbor Sediment

The homolog distribution are similar in distribution to
the original Aroclor mixtures (see figure 6-8). They are
however statistically different (p < 0.05). 1In addition, the
patterns appear to be similar to the homolog patterns seen for

sediment samples containing less than 50 ppm PCBs.
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Table 6-6 Total PCB Concentrations in Harbor Sediment

H11

H15

chn

PCB Conc. (ppm,

dryv wt.)

36.3 -
15.7




Figure 6-8 Homolog Distribution
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6.3.3. Most Prominent Congeners in Harbor Sediment
The most prominent congeners are listed in table 6-7.
Most of these congeners are also found in high concentrations
in the original Aroclor mixtures 1248 and 1254 as noted in the
table below. The most prominent congeners are also presented

graphically in figure 6-9.

Table 6-7 Most Prominent Congeners found in Harbor Samples
(Weight percents)

congener Sample Aroclor 1248° Aroclor 12542
28/31 13.9 17.7 0.6
47/48 7.4 4.0 0.4
66/95 7.2 9.0 7.6
77/110 .66 2.5 9.2
49 5.5 3.0 1.0
52 5.6 4.4 4.2
26 4.9 0.4 <.1
41/64/71 4.3 0.7 0.4 .
44 3.6 5.2 3.0
16/32 3.7 1.9 <.1

® Manchester, 1988

Congener 28/31 is the most abundant congener in the
harbor samples. It is also the most abundant congener in
Aroclor 1248. Congeners 47/48, 49, 52, 26, 41/64/71, and
16/32 are enriched in the harbor sediment relative to their
concentrations in the Arocclors. The only congener found in
diminished quantities relative to the Aroclor mixtures was

congener 66/95.
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6.3.4. Precision and Accuracy for Harbor Samples

The recovery from spiked sediment was 101.6 percent and
was calculated by summing the individual congeners. The
results of the duplicate analysis preformed on the samples

were 1.4 ppm and 1.5 ppm.

6.4. Water Samples from the Sheboygan River

6.4.1. Total PCB Concentrations in Water

The water samples are divided into particulate and
dissolved concentrations based on an operational definition.
The portion of the sample that was able to pass through the
0.7 micron filter was defined as the dissolved fraction and
the portion that remained on the filter was the particulate
fraction. The particulate and dissoclved concentrations are
given in table 6-8.

The background concentrations were low, 0.007 and 0.003
ppb for the particulate and dissolved fraction, respectively.
The particulate concentrations in the non-background samples
varied from an average low of 0.162 to an average high of
0.502 ppb. The lowest particulate concentration in the water
occured at Rochester Park, the site of the highest average
sediment PCB concentrations, 173.1 and 139.8 ppm. This would
be expected since the river water has been in relatively short

contact with the contaminated sediment. The highest



Table 6-8 Total PCB Concentrations in Water (ppb)

Site Concentration

Above Sheboygan Falls Dam
(Background)

Dissolved

Water sample 1 0.003
Particulate

Water sample 1 0.007

Rochester Park

Dissolved
Water sample 1 0.028
Water sample 2 , 0.047
Particulate
Water sample 1 0.162
Water sample 2 0.301

Above Upper Kohler Dam

Dissolved
Water sample 1 0.190
Water sample 2 0.204
Particulate
Water sample 1 0.464
Water sample 2 0.432

Above lower Kohler Dam

Dissolved
Water sample 1 0.152
Water sample 2 0.179
Particulate
Water sample 1 0.508
Water sample 2 0.452
Kiwanigs Park
Dissolved
Water sample 1 0.071
Water sample 2 0.069
Particulate
Water sample 1 0.275

Water sample 2 0.327
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particulate concentration in the water was above the Lower
Kohler dam which had average sediment core concentrations of
88.9 and 95.8 ppm.

The dissolved concentrations varied between 0.028 and

0.204 ppb. The lowest concentrations were again found at
Rochester  Park, the site of highest PCB sediment
concentrations. The highest dissolved concentrations were
found above the Upper Kohler dam which had sediment
concentrations of 40.2 and 534 ppm (the average of 534 ppm was
disceptively high because the highest single 15 cm sediment
concentration waé found in this core, the remainder of the

core had low concentrations of PCBs).

6.4.2. PCB Homolog Distribution in Water

The homolog groups for the dissolved and particulate
fractions are illustrated in figure 6-10. In the dissolved
fraction, there is a dramatic increase in the lighter
chlorinated congeners relative to the original Aroclor
mixture, particularly the mono, di and trichlorinated
congeners. Correspondingly, there is a decrease of the
heavier chlorinated congeners, notably the penta, hexa, hepta
and octachlorinated homolog groups.

In comparison to the dissolved fraction, the particulate

fraction contains decreased quantities of the mono, di and
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trichlorinated congeners; however, there is still an
enrichment of these lower chlorinated congeners relative to
the original Aroclors. 1In general, the distribution is much
more similar to the original Aroclors than the dissolved
fraction.

Not surprisingly, the homolog distribuﬁion for the
dissolved fraction was not found to be statistically similar
to the original Aroclors or a 50/50 mix of the original
Aroclors ( p < 0.05 for univariate t tests of each homolocg
group). The particulate fraction was also not statistically
similar to the original Aroclors with the.exceptiop of the
monochlorinated congeners and the nanochlorinated congehers
which are in very small concentrations in both the sample and
in the Aroclors ( p < 0.05 for univariate t tests of each

homolog group).

6.4.3. Most Prominent Congeners in Water
The most prominent congeners found in water are listed
in table 6-9 and shown graphically in figure 6-11.

Congeners 1, 4/10, S$/8, 17, 16/32, and 41/64/71 were in
higher concentrations in the water samples than in the
original Aroclors. Congener 70/76 was in lower
concentrations than the Aroclors but still remained one of the

most prominent congeners in the sample. The remaining
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Table 6-9 Most Prominent Congeners in Water
'~ (Dissolved and Particulate Fraction)

congener Diss. Part. Aroclor 1248° Aroclor 1254°
1 3.4 <0.1 <0.1
4/10 2.9 1.59 0.03
5/8 26.0 7.6 2.1 0.06
17 7.9 3.6 1.2 <0.1
16/32 3.6 1.9 <0.1
28/31 10.7 9.7 17.74 0.6
47/48 3.4 6.1 4.0 0.4
41/64/71 2.8 4.7 0.74 0.4
52 4.0 3.5 4.4 4.2
66/95 3.3 7.8 9.0 7.6
70/76 4.2 7.1 4.4
777110 5.9 2.5 9.2
44 3.1 5.2 3.0

a

Manchester, 1988

congeners were of intermediate value.

6.4.4. Accuracy, Precision and Confirmatory Analysis for Water

The recoveries from spiking water with an Aroclor mixture
of 1232/1248/1262 in acetone were 83.1 and 91.7. All samples
with the exception of the background sample were run in
duplicate and are shown in table 6-8.

Confirmatory analysis was performed on approximately
thirty percent of the samples (six samples) using a DB-1
column. The correlation cocefficient for the two data sets

indicate good agreement (Correlation coefficient = 0.977).
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6.5. Fish
6.5.1. Total PCB Concentrations in Fish
The fish concentrations varied from a low of 1.3 ppm to
a high of 22.0 ppm. These results are summarized in table 6-
10. The highest values were found in carp and channel
catfish; both of which are bottom feeding fish and have high

concentrations of fat.

6.5.2. Homolog PCB Distribution Patterns in Fish

The average homolog distribution pattern is shown in
figure 6-12 with the Aroclor 1248 and 1254 and in figure 6-13
with the homolog distribution for the river sediment and the
harbor sediment. Relative to the Aroclors, there was a slight
increase in the mono and dichlorinated congeners in the fish
samples, probably due to the significant concentrations of
the mono and di chlorinated congeners in the water and
sediment.

Although the fish samples were enriched in the higher
chlorinated congeners and appeared to be more similar to the
Aroclors than the water or sediment samples, the samples were
not found to be statistically similar to Aroclor 1248, Aroclor
1254 or a 50/50 mix of Aroclor 1248 and 1254 using a

multivariate t test (p < 0.0001).



Table 6-10 Total PCB Concentrations in Fish
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Figure 6-12 Homolog Distribution

in Fish
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Figure 6-13 Homolog Distribution
in Fish and Sediments
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6.5.3. Most Prominent Congeners in Fish
The most prominent congeners are listed in table 6-11

and also presented in figure 6-14.

Table 6-11 Most Prominent Congeners in Fish

Congener Sample Aroclor 12487 Aroclor 1254°
28/31 5.7 17.7 <0.1
47/48 6.8 4.0 0.4
49 4.0 3.0 1.0
41/64/71 4.0 0.7 <0.1
66/95 8.5 9.0 7.6
77/110 7.7 2.5 9.5
101 4.2 1.7 7.1
118 4.5 0.8 3.0
132/153/105 4.9 1.5 11.0
138/163 4.8 1.8 5.6

4 Manchester, 1988
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Chapter 7 Discussion of Results
In this section results from the sediment, water and fish
analyses are compared to results from the literature.
Explanations for the congener patterns are evaluated by

comparing predicted patterns to observed patterns.

7.1. Discussion of Sediment Results
7.1.1. Grain Size Correlations with PCB Concentration

Since sediment samples composed of smaller particles have
greater surface area for adsorption relative to samples of the
same volume consisting of larger particles, it is predicted
that smaller particles will have higher concentrations of PCBs
relative to larger particles (Simmons et al., 1980). This
tendency is enhanced by the fact that smaller particles are
often comprised of organic carbon which has been positively
correlated with PCB content (Elzerman and Coates, 1987). In
this study, to examine the effect of grain size on PCB
conéentration, the two variables were correlated.

The correlation of grain size and concentration of PCBs
is confounded by spatial effects such as distance from the
source and the depth of the core. To control for spatial
variation, samples from only one site (Rochester Park, samples
B and T) were correlated with the grain size. Other samples

were not correlated because there were too few samples at each
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site to give a meaningful correlation. PCB concentration
depends slightly on grain size; as the grain size decreased,
the concentration of PCBs increased (Rz value of 0.52 for a
log log plot). The outlying points were samples from either
the surface of the core or from the bottom of the core. One
possible explanation for these outlying points is that
sediment which is in the bottom of the core is older sediment
and may not have been exposed to significant concentrations
of PCBs. Conversely, sediment at the top of the core may be
newer and cleaner sediment. Both of these samples would
therefore be likely to have low concentrations of PCBs because
they were not exposed to the same amount of PCBs as the middle

section of core.

7.1.2. Total PCB concentrations in Sediment
Total sediment concentrations of PCBs ranged from 0.016
ppm to 1586 ppm as seen in table 6-2. Although higher
concentrations were found by the Superfund remedial
investigation on the Sheboygan River, the range of
concentrations are comparable (table 7-1). The sediment
results show a decreasing trend with distance from the source,

similar to the results found in this study.
Although reported concentrations from other highly

contaminated sites is comparable to Sheboygan River
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Table 7-1 PCB Concentrations in Sheboygan River Sediment®

This Study® ' Remedial Investigation®
Core Concentration (ppm) Core Concentration_ (ppm)
Bl 173.1 R4 4300
R5 59
B2/B3 139.8 R6 15
T1 24.1 R7 4500
T2 49.3 RS8 0.4
T3 278.9 R9 28.0
T4 16
Cl 40.2 R19 250
c2 534 R20 2.8
R21 5.4
R22 93
D1l 88.9 ; R34 110
R103 72
R104 5.4
D2 95.8 R37 <1.5
R35 2.0
E1l 0.8 R85 0.3
E2 2.1 R86 4.2
E3 7.7 R87 4.6

® The two sets of cores are grouped according to general
Eroximity

Samples are averages of cores which were 30 to 45 cm deep
® Remedial investigation (EPA Superfund study) samples are
composite core samples which were 30 to 45 cm deep (Blasland
and Bouck Engineers, 1988)
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sediments, the PCB concentrations in Sheboygan River sediments
are considerably higher than other sites in the Great Lakes
region. Brown and coworkers found concentrations as high as
2600 ppm in Hudson River sediments with an average
concentration in the hot spot areas of 75 ppm (Brown et al.,
1984). In the tidal Hudson, sediment PCB concentrations
dropped to an average of 10 ppm (Bopp et al., 1981). PCB
concentrations in the Great Lakes are much lower. In Lake
Ontario; sediment values were found in the range of 200~1200
ppb (Oliver et al., 1989).

Within the cores, as mentioned in Chapter 6, the top
section of the core generally contained low concentrations of
PCBs. The middle section of core usually contained the
highest concentrations of PCBs and the bottom section of core
typically had the lowest concentrations of PCBs. One possible
explanation for thisldistribution is that the bottom section
of sediment was deposited before significant contamination
occured whereas the top section of core was deposited after
significant contamination took place and contains the newer
cleaner sediment.

There was one exception to this general trend. In sample
T3A the highest concentration was in the top segment of core,
T cores were collected four months after all other cores.

During these four months, federal and state remedial
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investigations of the site continued and it is possible that

the sediments were disturbed by other investigators.

7.2 Discussion of Possible Mechanisms Causing the Congener
Distribution in Sediment
The results from the sediment analysis clearly indicate
that the sediment PCB patterns are significantly different
from the Aroclor originally introduced into the river. The
mechanisms which can alter the congener distribution in the
sediment can be divided into three processeé-— chemical,
physical-chemical and biological.
Abiotic chemical reactiéns in the sediment affecting the
PCB congenér distribution are unlikely. Photolysis and
oxidation reactions are unlikely to occur in the subsurface
anaerobic environment present in most of the sediments.
Although chlorinated methanes and ethanes have been found to
undergo reductive dechlorination (Wade et al., 1969; Klecka
and Gonsoir, 1984), reductive dechlorination of PCBs is
thought not to occur in the conditions present in anaerobic
sediments (Quensen et al., 1988; Brown et al., 1987b;
Hutzinger et al., 1974). For example, reductive
dechlorination of PCBs has been demonstrated to occcur by Boyer
and colleagues (1985) at 50-90 degrees C using sodium

hypophosphite. These temperatures are well above the
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temperatures found in the environment. Furthermore, the
reduction of chlorinated ethanes and methanes by iron is not
strictly abiotic because iron is present as iron porphyrin
which 1is a biological enzyme present in hemeglocbin,
cytochromes and chlorophyll (Fessenden and Fessenden, 1982).

In general, there are very few abiotic pathways which

completely mineralize organic compounds (Alexander, 1981).

7.2.1. Physical-Chemical Processes Affecting the Distribution
of PCBs in Sediment

Four physical-chemical processes can affect the
distribution of PCB congeners in sediment: sediment-water
partitioning, diffusion, air-water partitioning, and colloidal
partitioning. A discussion of each follows with an
evaluation of the predicted congener distribution based on the

mechanism compared to the observed distribution.

Sediment-Water Partitioning. Probably, the most
signifiéant partitioning process affecting the distribution
of congeners in the sediment is the partitioning between
sediment and water (Bopp et al., 1981, Burkhard, 1985a). The
partitioning of hydrophobic compounds between sediment and
water can be described by the following relationship
(Karickhoff, 1981):

Kp=5°/p°
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where Kp is the equilibrium partition coefficient,
S® is the equilibrium sorbed pollutant concentration,
P® is the equilibrium aqueous phase concentration.
The partition coefficient is corrected for the organic carbon
present in the sediment. The corrected partition coefficient
is expressed as the organic carbon based partition
coefficient, K, and is related to the partition coefficient
by theﬁ{g;;ggiig ecquation:
K°c=Kp*oc
where‘k&»isﬁthewcrganic carbon based partition coefficient,
K, is the partition coefficient,
oc is the fraction of organic carbon.
The octanol-water partition coefficient (K,,) can be related
to the organic carbon based partition coefficient (K ) by the
following relationship (Karickhoff et al., 1979):
Log K,=1.0 Log K, -0.21 (R*= 1.00).
Using this relationship, the K, can be estimated from the X,.
Since the octanol-water partition coefficient tends ﬁo
increase with increasing chlorination (Shiu and Mackay, 1986),
the partition coefficient for PCBs should also increase with
increasipg chlorination.
The above relationships predict <that the higher
chlorinated congeners should remain in the sediment while the

lower chlorinated congeners should partition into the water.
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Field studies at other sites show an enrichment of the higher
chlorinated congeners in sediment which has been attributed
to partitioning (Furukawa, 1982; Hansen, 1987). For example,
sediment from the Puget Sound in Washington shows an
enrichment of the higher chlorinated congeners and loss of
lower chlorinated congeners to the water (Pavlou and Dexter,
1979).

Using the relationships of Karickhoff (1979) and
predictions of Henry's Law constants and octanol-water
partition coefficients, Burkhard (1984) and Burkhard et al.
(1985) mode;led the partitioning of Aroclor mixtures in a
three phase system containing air, water and suspended
particulate matter. Beginning with an equimolar distribution
of congeners in all phases, Burkhard and colleagues examined
the effects of partitioning into different phases on the
congener distribution in each phase.

The air phase was found to be depleted in the higher
chlorinated congeners above IUPAC 160. In the water phase
there was some enrichment of the lower chlorinated congeners
below IUPAC 40 and some depletion of congeners above IUPAC
120. The most dramatic change was found in the distribution
of the congeners in the suspended particulate matter phase.-

Congeners below IUPAC 80 were significantly depleted while

congeners above IUPAC 80 were significantly enriched. The
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results of Burkhard (1984) and Burkhard et al. (1985)
illustrate that the distribution of congeners in sediment is
dramatically affected by the sediment-water partition
coefficients. Equilibrium modelling using sedimenﬁ-water
partition coefficients predicts increases in higher
chlorinated congeners and decreases in 1lower chlorinated
congeners in the sediment.

Diffusion. Diffusion of congeners from the sediment back
to the water is slow relative to sédimentation rates and is
inversely related to the partition coefficient (Fisher et al.,
1983; DiToro et al., 1985). The diffusion rate of PCBs in
the presence of sediment (D:) is function of the inverse of
the partition coefficient and is described by the following

relationship (DiToro et al., 1985):

D= D,/ (1+m*K /$)
where D: is the diffusion rate in the presence of sediment
(cm’/day) ,
D, 1is the agueous diffusion rate (no sediment_present)
. (cm’/day),
m is the sediment solids concentration,
K 1is the partition coefficient,

P
4 is the porosity of the sediment.
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microns such as humic and fulvic acids, microemulsions and
mineral precipitates (McCarthy and Zachara, 1989). The
overall effect of colloids in the partitioning of organic
contaminants is to increase the "apparent" solubility of a
compound in water and decrease the "apparent" partition
coefficient.

The effect of colloidal partitioning on the sediments may
be limited since PCBs were probably introduced into the
Sheboygan River adsorbed to sediment (Wisconsin Department of
Natural Resources, 1989). Hydraulic fluid containing PCBs
was spilled on to dirt and debris which were later used to
build a flood dike. Since the PCBs were already adsorbed to
dirt that later became river sediment, colloidal partitioning
could only occur after the PCBs were desorbed from the
sediment into the water and eventually adsorbed onto the
colloids. The first step of this process is governed by
sediment-water partition coefficients which, as explained
before, gives a distribution that is enriched in the higher
chlorinated congeners and depleted in the lower chlorinated
congeners. Therefore, it appears unlikely that colloidal
partitioning has a major influence on the distribution of
congeners in the Sheboygan River sediments.

None of the processes described above adequately explain

the distribution seen in the Sheboygan River sediments. Since
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This relationship illustrates that higher chlorinated
congeners are more likely to remain in the sediment than the
lower chlorinated congeners because the higher chlorinated
congeners have higher partition coefficients and subsequently
lower diffusion rates.

Air-Water Partitioning. The distribution of congeners
between water and air phase can be important because it can
affect the distribution between the water and sediment. The
effect of air-water partitioning of congeners on the overall
distribution of PCB congeners in sediment is likely to be
small in comparison to sediment-water partitioning because the
sediments are not in direct contact with the air. The vapor
partitioning of PCBs from sediment in the Hudson River was
calculated to have a small effect relative to sediment-water
partitioning (Bopp et al., 1981). Even if one were to assume
that the transport of PCBs from the sediment to the water and
then to air were significant, the congener patterns seen in
the Sheboygan sediments still would not be predicted. Henry's
Law constants, which describe the partitioning of PCBs between
the air and water, show no particular trend with regard to
molecular weight (Burkhard et al., 1985Db).

Colloidal Partitioning. Currently, there is considerable
debate about the effect colloids have on partitioning.

Colloids are defined as particles with diameters less than 10
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sediment-water partition coefficients increase with molecular
weight, an enrichment of the higher chlorinated congeners and
a depletion of the lighter chlorinated congeners is predicted
based on the partition coefficients. ' Equilibrium
partitioning models such as Burkhard's do not predict the
specific enrichment of a select small group of congeners such
as 5/8, 17, and 24/27 which were found in this study.
Instead, these models predict a gradual continuum of
increasing concentrations of the higher chlorinated congeners
in the sediments.

Henry's Law constants vshow no particular trend with
molecular weight. The most prominent congeners seeh in the
sediment do not exhibit particularly low Henry's Law constants
and therefore their presence cannot be explained in terms of
these constants.

In summary, neither physical-chemical processes nor
abiotic chemical reactions readily explain the distribution
of congeners in Sheboygan River sediments. Consequently, one
or more biological processes may better explain the measured
distribution. Possible biological processes are discussed

next.

7.2.2. Biological Processes affecting the Distribution of

PCBs in the Sediment
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Aerobic and anaerobic micrcbial degradation are probably
the most likely biological processes that could affect the PCB
distribution in sediment. Aerobic degradation, if it occurs
at all, occurs in the top few centimeters of sediment where
oxygen is present. Because most of the samples analyzed were
slices of the core located 45 to 60 cm below the sediment
surface, very little of the sediment was thought to be
aerobic. Aerobic PCB-degrading microbes metabolize the lower
chlorinated congeners, those with less than four chlorines,
but generally do not metabkolize the ‘higher chlorinated
congeners (Furukawa, 1982).

The pattern seen in the sediments is more typical of
anaerobic degradation in which the higher chlorinated
congeners are metabolized to produée lower chlorinated
congeners. Several results in this study suggest anaerobic
microbial degradation. First, there is a shift in the
congener pattern from the higher chlorinated congeners to the
lower chlorinated congeners. This cannot be accounted for by
simple physical-chemical partitioning. Second, there appears
to be some selectivity as to which congeners were lost that
is characteristic of enzymatic microbial degradation.
Lastly, the congener patterns appear to be a function of the
coﬁcentration of PCBs in the sediment that is typical of

biological degradation.
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A shift in congener distribution from the higher
chlorinated congeners to the lower chlorinated congeners was
seen by Quensen and coworkers (1988) in their laboratory study
of dechlorination by anaerobic bacteria. Over a period of
four months, Quensen and coworkers saw a stepwise
dechlorination of the higher chlorinated congeners to produce
the lower chlorinated congeners. Brown and coworkers (1987a
and 1987b) postulated such a stepwise dechlorination process
based on their results from Hudson River sediment cores.
With regard to congener selectivity, there is a loss of
meta and para chlorinated congeners compared to ortho
chlorinated congeners. Figqure 7-1 contains the average
number of meta and para chlorines and ortho c¢hlorines
calculated for each sediment sample along with averages
calculated for the Aroclor mixtures (General Electric Research
and Development, 1987). When Aroclor mixture averages are
plotted, a linear relationship can be seen, indicating that
any combination of Aroclors will also fall on this 1line.
Therefore, any deviation from this linearity may be attributed
to a physical or biological process and not a simple mixing
of different Aroclors (General Electric Research and
Development, 1987). Brown and coworkers maintain that an
upward deviation indicates evaporation, elution and oxidative

biodegradation whereas a downward deviation indicates
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Fig 7-1



1lse
anaerobic dechlorination (General Electric Research and
Development, 1987).

Most of the sediment samples from the Sheboygan River
fall below the Aroclor mixture line indicating a depletion in
the meta/para chlorines relative to the ortho chlorines. For
comparison, the average meta and para and ortho chlorines for
the spiked sediment samples ("clean" sediments spiked with
Aroclors) were calculated. The spiked sediments could be
>thought of as a control since they do not undergo microbial
degradation. These are shown in figure 7-2. Note that they
all lie along the line as predicted (General Electric Research
and Development, 1987). In a laboratory study of anaerobic
dechlorination a marked loss in average number of meta/para
chlorines per biphenyl molecule was also seen (Quensen et al.,
1988). Brown and coworkers found similar results in their
field study of Hudson River sediments (1987a).

Exactly why bacteria selectively dechlorinate meta and
para chlorines is unclear. Rusling and Miaw (1989) have shown
that reductive dechlorination of meta and para chlorines gives
a greater Gibbs free energy value than reductive
dechlorination of ortho chlorines. It is possible that
bacteria which selectively dechlorinate meta and para
chlorines have a biological advantage over those that do not.

With regards to specific congeners, several congeners are
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Fig 7-2
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found in abundance which would not be expected based simply
on physical partitioning or on the original weight percents
present in the Aroclor mixtures. Table 7-2 contains the
average weight percent of each congener in the samples
containing over 50 ppm PCBs as well as the weight percents of
congeners in Aroclor 1248, Aroclor 1254 and a 50/50
combination of Arocclors 1248 and 1254.

In the sediment samples, there is a general trend of
enrichment of the lighter chlorinated congeners and depletion
of the heavier chlorinated congeners. 1In particular, several
‘congeners were significantly enriched in comparison to the
50/50 combination of Aroclor 1248 and Aroclor 1254, Congeners
with a greater than two percentage point increase, relative
to the 50/50 mixture, were congeners 5/8, 19, 17, 24/27,
16/32, 26 and 47/48. Congeners with a greater than two
percentage point decrease were 18, 28/31, 52, 44, 70/76,
66/95, 56/60, 101, 77/110, 132/153/105, and 138/163.

It 1is interesting to note that these results are
comparable to the results of Brown and coworkers (1987b).
Table 7-3 shows the congeners Brown and coworkers found to be
significantly depleted and enriched in the sediments. With
' the exception of congener 16 which coelutes with congener 32

in this study, and congeners 47 and 49, all of the congeners
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Table 7-~2

Congener

5/8
19

18

17
24/27
16/32
26
28/31
33

22

45

46

52

49
47/48
44
37/42
41/64/71
40

74
70/76
66/95
91
56,60
84/92
101
99

97

87

85
136
77/110
82
151

Changes in Congeners in Sheboygan River

Sediment Relative to Aroclors (Sediment
Samples with conc. greater than 50 ppm)

Concentration (Wt. Percent)
Aroclor?
1254

Sample Aroclor®

Average 1248
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Table 7-2 Continued

Congener Sample Aroclor 1248 Aroclor 1254
Average

135/144
149

118

146
132/153/105
141
137/176
138/163
182/187
183

185

174

177
171/202
172/197
180
170/190
201
196/203
195/208
194

206
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b.d. .~- indicates below detection

-- indicates a decrease by at least two percentage points from
50/50 ratio

++ indicates an increase by at least two percentage points
from 50/50 ratio
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Table 7-3 Comparison of Congeners Predicted by Brown et
al.(1987b) based on Anaerobic Degradation to Congeners
Observed in this Study

Diminished This ! Enriched This
Congeners Study? ! Congeners Study?
33 - ! 2 +
22 - ! 6 +
74 - | 8 ++
70 - l 4 +
66 - l 10 +
56 ' f-— | 17 ++
60 - I 27 ++
118 - | 32 ++
105 - } 19 ++
18 -- | 53 n.m.
16 ++ )

44 -

42 n.m.

87 -

85 -

82 -

101 --

29 -

97 -

153 , -

138 -

141 -

52 -

49 +

47 ++

2 indicates samples with concentration above 50 ppm

- indicates present in diminished quantities relative to

50/50 ratio

-- indicates a decrease by at least two percentage points from
50/50 ratio

+ indicates present in increased quantities relative to 50/50
ratio

++ indicates an increase by at least two percentage points
from 50/50 ratio

n.m. not measured in this study
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which were found to be depleted in Brown's study were also
found to be depleted in this study.

The concentration of PCBs in the sediment appeared to be
a significant variable. As mentioned before in areas of low
PCB concentrations, the sediment chromatograms appeared to be
similar to the original Aroclors. Chromatograms from areas
of high concentration had much higher weight percents of the
lower chlorinated congeners relative to the original Aroclors.

Other researchers have noted that anaercbic dechlorinatioen
appears to cccur only when there are high concentrations of
PCBs present (Brown et al., 1984, Brown et al., 1987b, Quensen
et al., 1988, Rhee et al., 1989).

Microbial degradation is often restricted to areas of high
substrate concentrations. For example, toluene, xylene and
naphthalene are metabolizad by bacteria at high concentrations
but not at low concentrations (Alexander, 1985). The minimum
concentration of a chemical which is needed to §upport growth
of a microbial population is referred to as the threshold
concentration (Alexander, 1985). Above the threshold
concentration organisms are able to obtain sufficient energy
for both maintenance and growth. As the concentration of a
chemical compound decreases, the amount of the compound
available to the organism by diffusion decreases until

insufficient quantities are available for both growth and
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maintenance (Alexander, 1985). Below this threshold
concentration, additional energy sources must be found to
support growth of the population, since the organism is no
longer able to completely mineralize the substrate.

Cometabolism occurs below the threshold concentration to
provide additional sources of nutrients for the organism.
Anaerobic dechlorination of higher chlorinated congeners in
some cases has been shown to occur by cometabolism with the
addition of biphenyl (Rhee et al., 1989). Based on the
different chromatographic patterns seen for high and low
concentrations of PCBs, it is quite possible that some
threshold concentration exists for the anaerobic

dechlorination of PCBs.

7.3. Discussion of Water Results
7.3.1. Total PCB Concentrations in Water

The total PCB concentrations in water are similar to
other values which have been reported for the Sheboygan River
(see table 7-4). In a survey of Wisconsin Rivers, Marti
(1984) found the Sheboygan River contained 0.103 (s.d. 0.036)
ppb total PCB in the river. The values reported in this study
are considerably higher than the concentrations found by Crane
(Crane, 1990) in the Fox River which ranged from 1.43 to 34.4

ppt for the dissolved fraction and 2.11 to 103 ppt for the
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particulate fraction or by Swackhammer (1985) in Lake Michigan
which ranged from 0.3 to 3 ppt total PCBs. Mudroch and
coworkers (1989) found the Wheately Harbor in Lake Erie to
have éoncentrations ranging from 0.086 ppb to 0.291 ppb total
PCBs. In Hamilton Harbor in Lake Ontario, concentrations
ranged from 0.086 ppb to 0.213 ppb total PCBs (Mudroch et al.,
1989). However, the concentrations in sediment from the

Great Lakes are lower than those from the Sheboygan River.

Table 7-4 Total PCB Concentrations in Water

Site Concentration (ppb)
WDNR Remedial Investigation This Study
1978 1987 '
Above Sheboygan
Falls Dam <0.3 <0.05 P 0.007 P
<0.05 D 0.003 D
Rochester Park <0.4 0.213 P
0.038 D
Above Upper ‘
Kohler Dam <0.2 0.267 P 0.448 P
0.118 D 0.197 D
Above Lower
Kohler Dam 0.150 P 0.480 P
0.078 D 0.166 D
Sheboygan 0.3 0.159 P 0.301 P
0.059 D 0.070 D

P - Particulate Fraction
D - Dissolved Fraction

Source: Wisconsin Department of Natural Resources, 1989
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7.3.2. Homolog and Congener Distribution in Water

The weight percents of each of the homolog groups did not
vary greatly among the samples. Higher concentrations of the
lowver chlorinated congeners were found in the dissolved phase
than in the particulate phase. This would be expected since
the lower chlorinated congeners are in general more soluble
and less likely to partition onto the particulate fraction.

Congeners 1, 4/10, 5/8, 17, 16/32, 28/31, 41/64/71, 47/48,
52 and 66/95 were the most prominent c¢ongeners in the
dissolved fraction. Congeners 5/8, 17, 28/31, 47/48,
41/64/71, 52, 66/95, 70/76, 44 and 77/110 were the most
prominent congeners in the particulate fraction. Since the
solubility of PCB congeners generally decreases with
increasing chlorination and since the most prominent congeners
listed in table 6-9 do not show particularly high solubilities
(Shiu and MacKay, 1986), it is likely that theif abundance in
the water column is a function of their high concentrations
in the sediment.

The distribution and relative percentages of the most
prominent congeners in the water increasingly reflect the
congener distribution of the sediments in the lower reaches.
For example, at Rochester Park congener 5/8 constitutes 2.9

percent of the particulate fraction of PCBs. In contrast, at
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the other sites, congener 5/8 1is 9.2 percent of the
particulate fraction. The weight percents of congeners 47/48
and congener 17 also increase at the other sites. In the
dissolved phase, this trend is more pronounced. At Rochester
Park, congener 5/8 constitutes 14.6 percent of the dissolved
~ PCB concentration. The average for the other sites for
congener 5/8 is 30 percent. The weight percents of congeners
17, 16/32 and 47/48 in the dissoived phase also increase.
Most likely, these increases in specific congeners, which are
seen in abundance in the sediment, are due to the scouring of

the river bottom.

7.4. Discussion of Fish Results
7.4.1 Total PCB concentrations in Fish

The total PCB concentrations found in the fish that were
analyzed are similar to other reports in the literature.
The Wisconsin Department of Natural Resources routinely has
fish analyzed from the Sheboygan River. Recent results are
listed in table 7-5. In the Kiwanis Park area, the
Wisconsin Department of Natural Resources found the fish to
contain an average total PCB concentration of 8.4 ppm which
is comparable to 7.6 ppm found in this study (Wisconsin
Department of Natural Resources, 1989). In the Harbor area,

the average totals of 42.7 ppm are considerably higher than
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those found in this study.

Ten of the fish in this study were from the Kiwanis Park
area and eleven were from the harbor. 1In a survey of fish in
Wisconsin rivers (including the Sheboygan River) values ranged
from 0.07 to 7.0 ppm (Maack and Sonzogni, 1988). Carp and
lake trout from the Wisconsin side of Lake Michigan were found
to have PCB concentrations similar to those reported in carp
and other fish in this study (16.3 ppm for carp and a range

of 2.9- 33.8 ppm for trout (Kleinert, 1976 in Swain, 1983)).

Table 7-5 Total PCB Concentration in Fish from the Sheboygan

River (ppm)

Site Year # of Fish Ave Conc. (ppm) Species
Above Sheb.

Falls 1987 6 <0.30 Varied
Below Sheb.

Falls 1987 7 24.9 carp,

Sm Bass

Upper Xohler

Dam 1987 3 7.67 . Sm Bass
Lower Kohler

Dam 19885 9 9.65 Varied
Kiwanis Park 1986 9 8.4 Varied
Sheboygan 1983 17 42.7 Varied

(Source: Wisconsin Department of Natural Resources, 1989)
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In the more highly contaminated Hudson River, fish were found
to have total PCB concentrations ranging from below detection
to 7.07 ppm (Califano et al., 1982).

The highést total PCB concentrations were found in fish
that had high concentrations of fat to body weight. This
finding suggests a positive correlation between percent fat
and the level of PCBs in fish. To test this hypothesis, the
percent fat was regressed against the total PCB»concentration.
The results are plotted in figure 7-3. The regression
equation for this line follows:

Log PCB = 1.061 log fat - 0.644 R® value of 0.71.
The correlation between percentage of fat in the fish and the
PCB contamination is significant.

The fish samples were analyzed using both a capillary
column and a packed column. The two methods were compared
to see how well they agreed. Twenty one samples were
analyzed with both types of columns. The measurements are
compared by regression:

Log Cap Col = 1.05 log Packed Col + 0.0005 R? value 0.88.

These results are plotted in figure 7-4. This result is
important since it implies that packed column measurements
made over the last twenty years (by comparing chromatographic
patterns of a sample with that of pure Aroclors

(Erickson,1986)) produce results similar to that



Figure 7-3 Correlation between
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Figure 7-4 Correlation between
Packed and Capillary Golumn Results
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obtained by summing individual congeners. Maack and Sonzogni
(1588) also found good agreement for total PCBs measured by

packed and capillary column chromatography.

7.4.2. Homolog Patterns in Fish
The enrichment of the higher chlorinated congeners and
depletions of the lower chlorinated congeners seen in the fish

homolog patterns (figure 6-12) has been observed by others.

" In the heavily PCB contaminated Hudson River, Califano and

coworkers (1982) found that fish congener patterns were more
typical of Aroclor 1254 than of the material introduced into
the river, Aroclor 1242. Because fish generally are unable
to metabolize the higher chlorinated congeners (Niimi and
Oliver, 1989; Dekock and Lord, 1988; Bruggeman et al., 1981;
Lech and Peterson, 1983), it is not surprising to see an
enrichment in the higher chlorinated congeners. Work by
Peterson and Lech (1983) suggests that fish are only able to
metabolize mono, di and tri chlérinated biphenyls. It is
interesting to note that fish tend to metabolize PCBs much
more slowly than mammals (Lech and Peterson, 1983).

The higher chlorinated congeners tend to bioaccumulate not
only within the fish but also within the entire food chain.

Since many of the fish in this study are carnivorous and are
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therefore higher on the food chain, it would be expected that
higher total concentrations of PCBs should be found in the
fish in comparison to other biological compartments (van der
Oost et al., 1988; Oliver and Niimi, 1988). 1In particular,
higher concentrations of the higher chlorinated congeners is
expected (Oliver and Niimi, 1988). The data collected in
this study support these findings as the fish are
significantly enriched in the higher chlorinated congeners
relative to the water and overall are enriched in total PCB

concentration relative to the water.

7.4.3 Most Prominent Congeners in Fish

The most abundant congeners found by Maack and Scnzogni
(1988), and Niimi and Oliver (1988) are listed in table 7-6.
The standard deviations for the most abundant congeners found
in this study were fairly small indicating that the
percentages of each congener amongst the samples was
relatively constant. This occured despite the variation in
species, PCB content and weight of the fish.

As mentioned before several of the congeners seen in high
concentrations in the fish in this study are prominent in
commercial Aroclors. For example, in Aroclor 1248 the top
three congeners are 28/31, 70/76, and 66 in the following

percentages, 17.7, 7.1 and 7.1 (Manchester, 1988).
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Table 7-6 A Comparison of Most Prominent Congeners
(Weight Percent)

Maack and Sonzognib

This Study Niimi and oOliver

Species Br. Lk. Rainbow Species
vVaried® Trout Trout Trout vVaried
Congener Percent
28/31 5.7 (1.4) 7.9
47/48 6.8 (0.9)
49 4.0 (0.47)

41/64/71 4.0 (0.66)

66/95 8.5 (0.78) 7.4
70/76 4.5
101 4.2 (0.3) 6.3 6.1 7.2 6.0
118 4.5 (0.6) 5.5 6.3 5.6 2.7
77/110 7.7 (0.9) 5.6 4.8 5.8 6.8
132/153 4.9 (0.85) 7.3  10.8 9.1 11.0
/105 2.6¢
138/163° 4.8 (0.81) 5.4 5.9 5.7 ' 8.1
146 3.4
149 5.1 3.4 4.8 4.3
180 4.2 4.6 4.5 3.7

2 0liver and Niimi, 1989

Maack and Sonzogni, 1988

Parentheses indicate standard deviation

Congener 105 was reported separately from congeners 132/153
® Congener 138/163 was reported together in this study:
however the other researchers reported congener 138 alone.

Q o0 o
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In Aroclor 1254, the top three congeners 153/132/105, 110 and
95 constitute the following percentages, 11.0, 9.2, and 7.6
(Manchester, 1988). Congeners 47/48, 49, 41/64/71 were
prominent congeners in the sediment which may account for
their presence in the fish.

Oliver and Niimi (1988) found that twelve congeners, 153,
101, 84, 138, 110, 180, 87/97, 149, 187/182 and 105,
contributed to over half the total percentage of PCBs in fish.

Maack and Sonzogni (1988) found the ten most prominent
congeners contributed over half of the total percentage (66
percent). In this studj, it was also found that the ten most
abundant congeners contributed over half the total percentage
of PCBs in fish (55 percent).

Several congeners have been identified as being
significantly more toxic than other congeners (Safe et al.,
1985). They are characterized as containing at most one ortho
chlorine and two para and at least two meta chlorines.
Congeners containing no ortho chlorines are considered the
most toxic; their structure is similar to TCDD and elicits
similar toxic responses (Safe et al., 1985). Of the nonortho
chlorines, only congener 77/110 was detected using the methods
described in this study (see table 6-11). Although congeners
77/110 were detected, it is unlikely that the contribution of

congener 77 is significant (Hansen, 1987; Maack and Sonzogni,
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1988). Of the mono ortho chlorinated congeners, 105 and 118
were detected (see table 6-11). The precise gquantities of
congener 105 are not known since this congener coelutes with
153 and 132; however, Maack and Sonzogni (1988) found congener
105 to contribute approximately twenty percent of the combined
total of the three congeners in their study of Wisconsin fish.
Congener 118 was found in all fish (see table 6-11).

Maack and Sonzogni (1988) found only two of the
monochlorinated biphenyls, congener 118 and 105, in their
study. They were unable to determine the presence or absence
of congener 77 since it coeluted with congener 110 which was
present in large concentrations in the sample. Congener 77
has been found in fish from the Waukegan Harbor in Lake
Michigan in quantities slightly diminished from the original
Aroclor introduced, Aroclor 1254 (Huckins et al.,- 1988).
Congener 105 was also found in fish from the Waukegan Harbor
in approximately the same quantities as that in Aroclor 1254.

The retention of the various PCB congeners is thought to
be a function of selective elimination of congeners rather
than selective uptake (Bruggeman et al., 1981). Uptake
efficiencies have been found to be independent of their
partition coefficients (Oppenhuizen and Schrap, 1988; van der
Qost et al., 1988). However, the elimination rates are found

to be a function of hydrophobicity. For the higher
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chlorinated cengeners, elimination rates are very low (van der
Oost et al., 1988; Bruggeman et al., 1981). Conversely, the
lower chlorinated congeners have been found to have high rates
of clearance. In one study of dichlorobiphenyl, the compound
was found to be completely excreted 14 days after the fish had
been switched from a contaminated environment to a clean one
(Bruggeman et al., 1984). Table 7=-7 gives a few of the
clearance rates for PCBs as reported in the literature. Note
that the clearance rates increase with'increasing molecular

weight.

Table 7-7 Clearance Rates for Specific Congeners

Congener Halflife (days) Source

2,5 10 Bruggeman et al., 1981
2,3',4',5 60 "

2,2',5 14.4 "

3,3,4,4 34.6 Huckins et al., 1988
2,3,5 2.5 "

2,2',3,3'5,5! 139*% Oppenhuizen and Schrap, 1988
2,2',3,3',4,4',6,6"' 139% "

* ~-- Based on elimination rates given in their paper

It is well known that PCBs can be bioaccumulated to rather
high levels in aquatic organisms even though the ambient

concentrations in the water may be considerably lower (Oliver
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and Niimi, 1988; Gooch and Hamdy, 1983). The ability of an
organism to accumulate a chemical from water is often
characterized by the bioconcentration factor, i.e., the
concentration of the chemical in the organism divided by the
concentration in the surrounding water (MacKay, 1982).

Mackay predicted a relationship between the
bioconcentration factor and the octanol-water partition
coefficient based on thermodynamics. Incorporating laboratory
data from a Veith et al. (1979) into the thermodynamic
prediction, Mackay developed the following equation:

Loy BCF= Log K, -1.32 (R%=0.95) .

Figure 7-5 is a comparison between the BCF values calculated
from this study and Mackay's predicted relationship. The
bioconcentration factors found in this study were obtained by
dividing the average fish concentration of a particular
congener by the concentration in water of that particular
congener. Then the octanol-water coefficient for the
particular congener was found and a second BCF value
calculated using the relationship of Mackay.

With the exception of the first two congeners and two
other congeners, the BCF values calculated in this field study
were lower than those predicted by Mackay (1982). This is
surprising because the BCF calculated from laboratory studies

usually underestimates the amount actually accumulated by fish



Figure 7-5 Predicted BCF from Mackay
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in the environment, in part because it ignores diet as a
contribution of PCBs. It has been shown that the diet is a
major source of PCBs to fish particularly with regards to the
higher chlorinated PCBs (Niimi and Oliver, 1988; Rubenstein
et al., 1984; Bruggeman et al., 1984). Although the BCF
values in this study were slightly lower than the values
suggested by Mackay, these values are within the range of
values reported by Mackay (1982) in a survey of the literature
(see table 7-8).

Above a log octanol-water partition coefficient of about
six, the relationship between the octanol-water partition
coefficient and bioconcentration factor is no longer a simple
linear relationshin. This deviation can be seen in figure
7-5 in which Mackay's predicted line'contihues upward whereas.
the BCF values based on field data start to decrease af a log
BCF value of about five, corresponding to a log K, 6 of about
six. It is therefore difficult to predict the
bioconcentration factor for chemicals having log octanol-water
partition coefficients above six. Other researchers also
have reported that the relationship between bioconcentration
factor and the octanol-water partition coefficient is no

longer linear after there are six or more chlorines on the

biphenyl (Bruggeman et al., 1984).
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Table 7-8 BCF Values Reported in the Literature
(from Mackay, 1982)

Relationship Cite

BCF = 0.907log Kow ~0.361 Baughman et al., 1984
BCF = 0.8371og Kow =-0.770 "

BCF = 1.1601log Kow =0.75 Metcalf et al. 1975
BCF = 0.85log Kow <-0.7 Veith et al. 1979

BCF = 0.542109 Kow +(.124 Neeley et al. 1974
Log BCF =1.15 log Kow ~0.4 This study

Several reasons have been suggested for this decline.
The more highly chlorinated compounds may'not be as readily
available to the fish relative to the 1lower chlorinated
congeners due to their low solubility in water. In addition,
the higher chlorinated congeners are more likely to form
colloids that can not permeate fish membranes and therefore
will not be adsorbed (Bruggeman et al., 1984). It is also
thought that compounds with molecular weight (greater than
600) or large volumes may not be adsorbed because they are too

large to permeate membranes (Oliver and Niimi, 198s6).
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Chapter 8 Conclusions
8.1, Sediment
The overall finding from this study is that the PCB
congener distributions from highly contaminated sediments
(greater than 50 ppm) are considerably different from the PCB
congener distributions of the Aroclors originally used at the
industrial site. The highly contaminated sediments are
enriched in mono, di, and tri chlorinated congeners relative
to the original Aroclors. In sediments containing
concentrations of PCBs 1less than 50 ppm, the congener
distributions were similar to the original Aroclors.

The enrichment in the highly contaminated sediments with
lower chlorinated congeners 1is not easily explained by
existing physical-chemical partitioning relationships or known
abiotic chemical reactions. This suggests that a biotic
process &5 may be responsible for the enrichment. Anaerobic
dechlorination by bacteria has been shown to occur in other
highly contaminated river sediments. The similarity of the
PCB congener distribution in highly contaminated areas of the
Sheboygan River to the results from other anaerobic microbial
degradation studies at highly contaminated sites suggests that
the congener distribution is the result of microbial
degradation. Microbial degradation is also suggested by the

concentration dependence of the patterns seen in the
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sediments. Other studies of anaerobic microbial degradation
of organic compounds have found a similar concentration

dependency.

Specific findings are listed below:
1) The river sediment is largely composed of fine grain sand
(40 to 90 percent of the sample). Grain size correlated with
PCB content. Smaller particles were found to contain higher
concentrations of PCBs relative to larger particles of the
same volume.

~
2) Total PCB concentrations varied spatially in the river
sediment. With depth, PCB concentrations in sediment cores
were the lowest in surface sediments (top 15 cm of the
sediment core) and the bottom sedimeﬁts (greater than 45 cm
from the sediment-water interface). Highest concentrations
were found in the center of the core (15-45 cm down from the

sediment-water interface).

3) The total concentration of PCBs diminished with distance
from the source, presumably due to the transport of PCBs

downstrean.

4) In sediment samples with greater than 50 ppm PCBs
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concentrations of congeners 4/10, 5/8, 17, 24/27, 16/32,
47/48, and 26 were found to be enriched in the sediment
compared to the original Aroclors. Congeners 5/8 were in the
greatest abundance (29.2 percent on average). In six of the
samples, congeners 5/8 were found to comprise a large

percentage of the sample (43.7 percent on average).

5) Congeners with a greater than two percent increase relative
to a‘50/50 mix of Aroclor 1248 and Aroclor 1254 were 5/8, 19,
17, 24/27, 16/32, 26 and 47/48. Congeners 5/8, 17, 24/27 and
16/32 were also prominent congeners in the Hudson River where

anaerobic dechlorination has been reported to occur.

6) Congeners with a greater than two percent decrease relative
to a 50/50 mixture of Aroclor 1248 and 1254 were 18, 28/31,
52, 44, 70/76, 66/95, 56/60, 101, 77/110, 132/153/105, and
138/163. In the Hudson River, congeners 44, 70/76, 66/95,

132/153/105, and 138 were also found in diminished quantities.

7) Harbor sediment samples had congener patterns similar to

the original Aroclors and to the river sediments containing

less than 50 ppm.

8.2. Water
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The total PCB concentrations in water were highest
several miles downstream from the source. The water samples
were lgss contaminated directly at the source and in the
harbor. The variation of total PCBs in water is most likely
due to the transport of PCBs downstream. The fact that the
highest concentrations were found several miles downstream
from the source is not surprising. Water concentrations at
the source would be lower because of constant inflow of "clean
water" at Rochester Park and subsequent dilution of the

contaminated river water.

Other findings are summarized below:

1) With distance from the source, the water developed a
congener profile that was similar to the sediments.
Presumably, this is due to the entrainment of sediment

particles in the water column as a result of turbulent

scouring.

2) Higher concentrations of the lighter chlorinated congeners

were found in the dissolved phase compared to the particulate
phase. These results would be expected based on the partition

coefficients and solubility constants for these congeners.

3) Congeners 4/10, 5/8, 17, 16/32, 41/64/71 were found to be
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in high concentrations in the water relative to the original
Aroclors used at the source. These congeners were found to

be prominent congeners in the sediment.

8.3. Fish

The congener distribution in fish bore little resemblance
to the sediment or water distribution. From a modelling and
regulatory perspective, this finding is significant because
some researchers have advocated using sédiment as a predictor
of congener distributions in fish. Clearly, for rivers such
as the Sheboygan River or Hudson River, use of these models
is inappropriate since the fish are enriched in higher
chlorinated congeners while the sediment is not.

Specific findings are listed below:
1) In contrast to the water distribution, the fish do not
contain the lighter chlorinated congeners. This is consistent
with previous studies of fish that show the lighter
chlorinated congeners are metabolized and the heavier

chlorinated congeners are bioaccumulated.

2) There was a positive correlation between the weight percent

fat in fish and PCB content.

3) Fish samples were analyzed for tbtal PCBs using both
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capillary column and packed column techniques. Total PCBs

measured by both techniques were similar.

4) Congeners 28/31, 47/48, 49, 41/64/71, 66/95, 101, 118,
77/110, 132/153/105 and 138/163 were prominent in fish.
Congeners 28/31, 70/76, 66, 153/132/105, 110, 95 are the top
three congeners in Aroclor 1248 and Aroclor 1254 respectively.
Congeners 47/48, 49, 41/64/71 were found to be in abundance
in the sediment. Congeners 77, 105, and 118, which are
considered to be among the most toxic PCBs, coelute so their
relative importance (in terms of concentration in fish) is not

clear.

8.4. Concluding Remarks
Further studies of anaerobic dechlorination of PCBs is
warranted to determine if environmental conditions can be
‘enhanced to encourage reductive dechlorination of PCBs.
Specifically, investigations are needed to identify the
microorganisms responsible for dechlorination, to determine
the necessity of additional substrates (cometabolism), and to
determine the type of anaerobic environment necessary
(nitrogen atmosphere versus carbon dioxide atmosphere).

In addition, further research is warranted to determine

the feasibility of using anaerobic microbial degradation as
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a large-scale treatment option for PCBs. Currently, the
Environmental Protection Agency (EPA) is conducting a pilot
project on anaerobic microbial degradation of PCBs using
highly contaminated Sheboygan River sediments. At present
however, much remains to be learned before microbial anaercbic
degradation can be thought of as a efficient and cost-

effective, large-scale treatment option.
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In the U. S. polychlorinated biphenyls (PCBs) were
produced in mixtures (Aroclors) of the 209 different PCB
congeners. The Aroclors differ not only in the congeners
contained in the mixture, but also in the weight percent
of the congeners. Until ©recently almost all
environmental and biological samples were analyzed for
PCBs by matching ‘the chromatographic pattern to the
pattern of pure Aroclors (Webb and McCall 1973; Erickson
1986), and results were reported as an Aroclor or mixture
of Aroclors. However, with the refinement of high
resolution capillary gas chromatographic techniques, it
is now possible to identify and quantify individual PCB
congeners in environmental samples (Mullin et al. 1984;
Maack and Sonzogni 1988). Note that in this paper
congeners will be referred to by their International
Union of Pure Applied Chemistry (IUPAC) numbers and by an
abbreviation of their structure. For example, 3, 3, 4,
4" tetrachlorinated biphenyl is referred to as congener
77 (34-34). '

Interest in individual congener concentrations has also
increased because recent toxicological data indicate the
potency of congeners varies widely (Safe 1987; Tanabe et
al. 1987). Those congeners presently thought to be most
toxic are the non-ortho chlorinated PCBs, since these co-
planer compounds structurally resemble the highly potent
2,3,7,8-tetrachlorodibenzo-dioxin (TCDD). Congeners 77
(34-34), 126(345-34) and 169 (345-345) are non-~ortho
chlorinated and most resemble dioxin. They are believed
to be the most toxic congeners, at least in terms of
dioxin-like properties (Safe et al. 1985; Tanabe et al.
1987). Congener 81 (345-4) also has no ortho chlorines;
however, it is structurally different enough from TCDD
that it is not considered to be as toxic as the compounds
above. The mono-ortho congeners, such as 105

Send reprint requests to W. Sonzogni at the above
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(234-34), 118 (245-34), 123 (345-24), 114 (2345-4) and
167 (245=-345) are also thought to be toxic (have toxic
properties related to dioxin), although they are less
potent (Safe et al. 1985; Safe 1987).

Unfortunately, most of the congeners mentioned above are
difficult to analyze, even by high resolution gas
chromatography. These compounds tend to co-elute with
other congeners. Special separation techniques are
required to identify them. To date, the only separation
techniques reported in the 1literature are (1) carbon

column absorption (Stalling et al. 1983) and
multidimensional gas chromatography (Duinker et al.
1988) . The purpose here is to present results of

analyses of river sediments for these toxic PCB congeners
using a multidimensional chromatography technigue.

MATERIALS AND METHODS

Sediment samples were collected from the Sheboygan River,
a Wisconsin tributary to Lake Michigan. The river is
polluted with PCBs from the mouth to about 22.6 km (14
miles) upstream. Waste hydraulic fluids containing
Aroclor 1248 and Aroclor 1254, were the source of the
contamination (David 1990). The polluted settion of the
river is a U.S. federal "Superfund" site as well as one
of the Great Lakes "Areas of Concern" as defined by the
U.S./Canadian International Joint Commission.

Sediment cores were collected in December of 1988 and
April of 1989 using a metal corer 90 cm (3 ft) long and
7.6 cm (3 in.) in diameter. All samples were collected
‘near the original source of PCBs at Rochester Park (about
22.6 km upstream from the mouth). A hydraulic extruder
was used to remove the sediment from the corer. The
cores were segmented into 15 cm sections and kept cool
(4°C) until analysis. ‘

Sediment was air dried and sieved to form a homogeneous
sample. PCBs were extracted from 50 g sediment samples
by soxhleting for eight hours with acetone and hexane
(1:1). -Granular copper was added to the soxhlet flask to
insure uniform boiling and to remove sulfur
interferences. After concentrating the sample, anhydrous
sodium sulfate was added to remove water from the
extract. The hexane—-acetone solution was then exchanged
for 2,2,4-trimethyl pentane (iso-octane). PCBs were
separated from other contaminants using Florisil and
silica gel. Hexane and 6% ethyl ether were the eluting
solvents used for the Florisil fractionation and hexane
for the silica gel fractionation. The first silica gel
fraction was subsequently used for PCB quantitation.
- Hexane was exchanged with isooctane prior to gas
chromatographic analysis. Samples were concentrated to



10 or 50 mL prior to injection of an aliquot into the gas
chromatograph.

PCB congeners were guantitated using a Siemens Sichromat
2-8 multidimensional gas chromatograph. The instrument
was equipped with two 30 m capillary columns (DB-5 and
DB-1; J and W Scientific). Each column was connected to
an individual ®Ni electron capture detector. The columns
were also contained in separate ovens. - Eluate from the
DB-5 column passed through the column's detector
producing a chromatogram similar to that produced in
conventional high resolution gas chromatography.
However, when a "T-piece" connecting the DB-5 column to
the DB-1 column was activated, eluate was diverted to the
DB-1 column. Thus, a selected part of the eluate (e.gqg.,
the eluate eluting between a specific time interval) was
cut to the DB-1 column. The cut is accomplished on a
real time basis according to pneumatic (gas £flow)
differences between the two columns, the timing of which
is controlled by the analyst.

The temperature of the oven containing the DB-5 column
was ramped from 90°C to 160°C at a rate of 20°C per
minute, then from 160°C to 260°C at a rate of 4°C per
minute. The final temperature was held for one minute.
The temperature of the column containing the DB-1 oven
was held at 160°C for 20 minutes and then increased at a
rate of 4°C per minute to 240°C. The final temperature
was held for eight minutes. The injector temperature was
250°C; the detectors were heated to 300°C. The carrier
gas and make-up gas were hydrogen and nitrogen,
respectively. )

By cutting a portion of the eluate after it passed
through the DB-5 column to and through the less polar DB-
1 column, increased separation of the compounds in the
cut was obtained. The chromatogram produced from the
second (DB-1) column and its associated detector
represented the response of the cut components, while the
chromatogram of the first column (DB-5) represented the
rest of the compounds in the injected mixture (the
chromatogram for the first column is interrupted by the
cut). For a further discussion of the instrument, see
Duinker et al. (1988).

For the eight congeners studied, pure standards were used
for identification (based on retention times) and
quantification. A detector limit of 1 ng/g, based on a
signal to noise ratio of approximately 3, was made.
Although replicate analyses were made to check results,
no alternate method was available to confirm the
identification of the congeners in the unknown.,



RESULTS AND DISCUSSION

Results of the analyses of Sheboygan River sediment
samples for total PCBs and eight "toxic" congeners are
summarized in Table 1. Each of these congeners was
-identified and guantified in at least one of the samples.
Note that all sediment core samples analyzed had total
PCB concentrations greater than 50 ug/qg.

Congeners 118 (245-34), 105 (234-34), and 77 (34-34) were
detected in all of the samples reported here.
Concentrations ranged from about 5 to 1500 ng/g. The
remaining toxic congeners, 81 (245-4), 114 (2345-4), 167
(245-345), 126 (345-34), and 169 (345-345), were detected
less frequently in the analyzed samples. Concentrations
of these congeners ranged from non-detectable to slightly
over 100 ng/g.

Very few measurements of toxic congeners in environmental
samples have as yet bheen reported in the literature.
Tanabe et al. (1987) reported various levels of congeners
77 (34-34), 126(345-34), and 169 (345-345) in fish,
marine mammals, and terrestrial animals in Japan.
Duinker et al. (1988) reported seal blubber from the
Dutch Wadden Sea contained 100, 800 and 5200 ng/g of
congeners 77 (34-34), 118 (245-34), and 105 (234-34),
respectively. Congeners 126 (345-34), 81 (345-4), 167
(245-345), and 114 (23 45-4) were all found in seal
~blubber at concentrations less than 10 ng/g. Note that
for the Sheboygan sediments reported here, congeners 77
(34-34), 118 (245-34), and 105 (234-34) were also found
at concentrations higher than the rest of the congeners.
To the best of the authors' knowledge, no other data on
~concentrations of these congeners in aquatic sediment
have been published.

Table 2 presents the weight percents of the congeners in

the samples. Also included are the weight percents of
' congeners in several Aroclors as determined by Duinker et
al. (1988). The weilght percents of the toxic congeners
in the sediments were generally lower than those found in
Aroclors 1248 and 1254 (the primary PCB mixtures
discharged to the river) and in the other Aroclor
mixtures listed in Table 2. The weight percents of the
‘most prominent toxic congeners (77, 118, and 105) were
about one order of magnitude lower than the weight
percents of these congeners in Aroclor 1248. Some weight
percents for congener 81 (345-4) were higher than
reported for the Aroclors, although the congener was
detected only in four of the eight samples reported.

Anaerobic reductive dechlorination of PCBs, similar to
that reported by Brown et al. (1987), Quensen et al.
(1988), and Rhee et al. (1989), has been reported to



occur in Sheboygan River sediments (David 1990).
Dechlorination of non-ortho chlorinated congeners has
been found to occur more readily than dechlorination of
ortho chlorinated PCBS (Brown and Wagner 1990).
Congeners 77 (34-34), 118 (245-34), and 105 (234-23) are
all non-ortho chlorinated PCBs, suggesting that
dechlorination might play a role in the depletion.

Of the toxic congeners, congener 118 (245-34) was found
in Sheboygan River sediments in the highest weight
percent. Congener 118 is also found in all the Aroclors
in Table 2 in the highest weight percent of the toxic
congeners. It also appears to be the most common toxic
congener in environmental samples. It was found in
highest concentrations (relative to other toxic
congeners) in seal blubber (Duinker et al. 1988), as well
as in the sediments collected for this study. Congener
118, unlike the other toxic congeners, can often be
resolved and quantified without multidimensional gas
chromatography or other special techniques. It has thus
been reported in a variety of matrices, such as fish and
the blood of sport fish eaters (Maack and Sonzogni 1988;
Fiore et al. 1989 and Sonzogni et al. 1991).

The eight toxic PCBs studied here appear to be present in
the sediment, but in relatively 1low concentrations
compared to total PCBs or other more abundant
congeners. The concentrations of the eight congeners are
low relative to the congeners with which they co-elute as
well. For example, toxic congener 77 (34-34) co-elutes
with congener 110 (236-34), but 77, in the sediments
studied here, made up less than 4 percent of the total of
the co-eluting pair. It should again be emphasized that
the toxic congeners have been so labeled because of their
dioxin=-like structure and the potential health effects
of dioxin. More research needs to be conducted on the
toxicological effects of the PCB congeners. The effects
of exposure to environmental 1levels needs to be
considered as well as toxicological endpoints other than
that for dioxin. For example, the neurotoxicological
impacts of specific congeners or combinations of
congeners needs to be studied. Perhaps new analytical
tools, such as multidimensional gas chromatography, will
help make such research more feasible.
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PCB Dechlorination in the Sheboygan River, Wisconsin
Extended Abstract to be Published in Proceedings of a Workshop on
Biological Remediation of Contaminated Sediments

by William C. Sonzogni and Margaret M. David
Laboratory of Hygiene and Water Chemistry Program
University of Wisconsin
Madison, WI 53706

The Sheboygan River in Wisconsin flows into Lake Miéhigan at
the city of Sheboygan, located 90 km north of Milwaukee. Due to
the high concentrations of PCBs in the river sediment, the
Sheboygan River and Harbor area has received national attention.
The main source of contamination was from a die casting plant
located in the Village of Sheboygan Falls. The contamination
source area is about 22 km upstream from the mouth of the river.

Hydraulic fluids containing PCBs were used by the die
casting plant from 1959 to 1971 (11). Apparently, a large fire
occurred at the plant prior to 1959 that was caused by combustion
of the hydraulic fluids then in use. Fluids containing PCBs were
subsequently put in use because of their fire resistance. Based
on interviews and available records, a product called Pydrol F9
was used between 1959 and 1969 and a product called Chemtrend
HF30 was used between 1970 and 1971. Pydrol F9 contains Aroclor
1248, while Chemtrend HF30 contains mostly Aroclor 1254 with a
small percentage of Aroclor 1248. In 1971 the use of hydraulic
fluids containing PCBs ceased.

Material from the plant (oil soaked rags, hoses and other
refuse) and soil from around the plant was used to construct a

low dike at the edge of the Sheboygan River. The dike sloped at



a 45 degree angle to the river, so erosion of the diked material
into the river occurred relatively easily (11). Concentrations
of PCBs in the soil samples were as high as 120,900 pg/g. The
die casting plant is the only known majdr source of PCBs to the
river, therefore, the congeners deposited in the sediments were
most likely the components of Aroclor 1248 and 1254.

In an article in Science it was reported that biological
reductive dechlorination of PCBs was occurring in Hudson River
sediment. There was evidence that anaercbic dechlorination was
also occurring in other aquatic sediments, including Sheboygan
River sediments (4).. The Shebéygan evidence was based on
observations of chromatograms obtained from the U.S. Army Corps
of Engineers.

As result of the published reports that dechlorination could
occur and because of new analytical capabilities to do congener
specific PCB analysis, research was bequn to examine the
distribution of PCB congeners in the Sheboygan River sediment and
to determine whether anaerobic dechlorination may be occurring.
The intent was to determine the congener distribution in
Sheboygan River éediment and assess whether some transformations
had occurred. Results of congener distributions in Sheboygan
River sediment relative to distributions in Aroclors will be
summarized below as well as information on the occurrence of
"toxic" congeners. Finally, a summary of evidence so far to
degrade PCBs in the laboratory using bacteria‘from Sheboygan
Riverlsediments will be made.

Total PCB concentrations ranged from 1586 ug/g found



downstream from the source to 0.04 pg/g above the source
kconsidered to represent background levels). Although there is
considerable variation in the sediment PCB concentrations, in
general, the values were found in areas of sediment deposition in
the river. In the individual cores, the top segment of core (O-
15 cm) and the bottom segment of core (45-60) cm had relatively
low concentrations of PCBs. The highest concentrations were
found in the 15-45 cm segments.

Sediment samples were also analyzed for PCB congeners using
high resolution gas chromatography. Samples containing total PCB
concentrations greater than 50 pg/g appeared to be enriched with
the lower chlorinated congeners whereas those with less than 50
ug/g PCBs were not. Samples containing 50 upg/g or more PCBs and
significantly higher concentrations of mono- and di- chlorinated
congeners when compared to aroclors 1248 and 1254 which were
originally introduced into the river. Using a multivariate ANOVA
statistical test, samples containing PCB concentrations less than
50 pug/yg, were found to be statistically different from Aroclor
1248, Aroclor 1254 and an equal parts mixture of Aroclors 1248
and 1254 (p values were <0.05). In sediment samples containing
PCB concentrations less than 50 ug/g, the homolog patterns were
more similar to the patterns of the Aroclor 1248 and 1254 than
the more contaminated sediments.

The most prominent congeners in the sediments witﬁ total PCB
concentrations greater than 50 ug/g were (IUPAC #) 5/8, 17,
16/32, 47/48, and 28/31. Relative to the oriqinal‘Aroclors,

particularly high concentrations of congeners 5 and 8 were seen



(congeners 5 and 8 coelute). To confirm the presence of
congeners 5/8 six of the samples containing high concentrations
of PCBs (342.8 ug/g on average) and high concentrations of
congener 5/8 (43.7 percent on average) were analyzed using an
electron impact gas chromatography mass spectrometer. All
samples contained high concentrations of dechlorinated congeners.
In samples containing less than 50 ug/g of PCBs, the most
prominent congeners were similar, but their weight percents were
generally reduced.

The result from the sediment analyses indicate that the PCB
congeners and their respective weight percentages in sediments
with high PCB concentrations are significantly different from the
Aroclors originally introduced into the river. Although
physical-chemical processes such a sediment-water partitioning
are important in determining the distribution of congeners in
sediments, it is unlikely that it is the dominant process
influencing the distribution of congeners. Sediment-water
partition coefficients generally increase with molecular weight
and thus an enrichment of the higher chlorinated congeners in the
sediments not lower chlorinated congeners as observed would be
predicted.

Diffusion‘of congeners out of the sediment and intb the
water is slow relative to sedimentation rates and is inversely
related to partition coefficients (7,8). Therefore, a
distribution enriched in the higher chlorinated PCBs would be
predicted (opposite of what was observed in this study).

Another possibility to account for the change in congener



patterns in abiotic chemical reactions. PCBs have been shown to
undergo abiotic reductive dechlorination in the labofatory;
however, the conditions in the laboratory (high temperatures,
excess base, and the presence of a catalyst) are considerably
different from thoée in the environment (3). In general, it is
thought that there are very few abiotic pathways which completely
mineralize organic contaminants (1).

It is possible, however, that the Aroclors undergo _
biological dechlorination. Recent work by Quensen et al. (9),
Chen et al. (6), Rhee et al. (10), and Brown et al. (4,5) suggest
that PCBs can undergo anaerobic microbial degradation. Several
results in this study suggest such a process.

First, there is a shift in the congener pattern from the
higher chlorinated congeners to the lower chiorinated congeners
as observed by Quensen'et al. (9) in a laboratory experiment and
as noted by Brown et al. (4,5) in a field study of hudson River
sediments. This enrichment in lower chlorinated congeners cannot
be accounted for by physical-chemical partitioning relationships
or diffusion processes.

Second, there appears to be a structural selectivity as to
which congeners are depleted in the sediment. . Congeners
containing chlorines in the ortho position are enriched, whereas
congeners containing chlorines in the meta or para position are
depleted. This is consistent with the results obtained by
Quensen et al. (9) and Brown et al. (4) in their anaerobic
microbial dechlorination work.

Third, several congeners are found in abundance that would
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not be expected based on physical-chemical partitioning
relationships or on the original weight percentages present in
the Aroclor mixtures. In sediment samples with concentrations of
PCBs above 50 ug/q, éongeners that were significantly enriched
are 5/8, 19, 17, 24/27, 16/32, 26, and 47/48. Congeners that
were significantly depleted are 18, 28/31, 52, 44, 70/76, 66/95,
56/60, 101, 77/110, 132/153/105, and 138/163. These changes are
comparable to Brown et al.'s (5) findings.

Fourth, the concentration of PCBs in the sediment appears to
be important. Microbial degradation is often restricted to areas
of high substrate concentrations. For example, toluene, xylene,
and napnthalene are metabqlized by bacteria at high
concentrations but not at low concentrations (2). Threshold
concentrations exist for many contaminants and are the minimum
concentration of a chemical which is needed to support growth of
a microbial population (2). Below the threshold concentration,
additional energy sources must be found to support growth of the
population, since the organism is no longer able to completely
mineralize the substrate. Based on the different chromatographic
patterns seen for high and low concentrations of PCBs in the

Sheboygan River, it may be that a threshold concentration exists

for the anaerobic dechlorination of PCBs.

To confirm that microbial processes are actually responsible
for degrading PCBs, laboratory experiments have been conducted
similar to those reported by Quensen et al. (9) and Rhee et al.
(10). Using bacteria extracted from Sheboygan sediments,

degradation was aftempted using growth medium and anaerobic



conditions suitable for microbial dechlorination of PCBs.
However, to date no dechlorination has been observed in the
experiments. The reason for the lack of dechlorination activity
is not clear, but it is suspected that the conditions that favor
degradation are very complicated (e.g., may involve vefy precise
Eh conditions and may involve several different species or stains
or organisms) and may be difficult to consistently reproduce in
the laboratory.

Finally, Sheboygan sediments have been analyzed for the
presence of non-ortho or coplanar PCBs. These congeners are
believed to be the most toxic (at least in terms of dioxin like
toxic properties), but generally coelute with other congeners
using capillary column gas chromatography.‘ A multidimensional
("heart cutting") gas chromatograph that uses two high resolution
columns in-series was used to separate coeluting congeners.
Results to date indicate that several congeners of toxicological
interest are found in sediment samples, albeit at low
concentrations. Congeners 118, 105 and 77 were detected in 83
percent of the samples analyzed, at average concentrations of
about 0.25, 0.06, and 0.04 ug/g respectively. The average
composition of these congeners was 0.13, 0.03, and 0.02 percent,
respectively. Congeners 81, 114, 167, 126, and 169 were also
detected in some of the samples all at concentrations less than
0.03 ug/g. While the concentrations of these congeners are low
relative to total concentrations of PCBs or to the congener they
coelute with, the fact that they are present may be important

toxicologically. Research is ongoing in this area.
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SUMMARY OF LABORATORY EXPERIMENTS TO

DECHLORINATE PCBs USING BACTERIA EXTRACTED

FROM SHEBOYGAN RIVER SEDIMENTS



In May of 1989 the first experiments were run to induce
dechlorination of PCBs in the laboratory. Anaerobic bacteria
were extracted from three sediment cores using the procedure that
will be described subsequentiy with the exceptioh that a chopped
mean anaerobe media was used. PCBs were added to nine vials to
produce concentrations of 60 ppm, and to nine vials fo produce
concentrations of 600 ppms (to give 18 incubating vials,
excluding controls).

After initial PCB analysis, this run was abandoned for the
following reasons. First, the sediment from which the anaerobes
were extracted had low PCB concentrations (18 ppm) so that
dechlorinating anaerobes may not have been established in the
vsample. Second, the media us‘ed (a standard chopped meat
carbohydrate based anaerobic media) was different than used by
Quenson et al. (1988) in their original work. This media
presented sampling and extraction problems for PCB analysis.
Thus, a new experiment was started.

In the second experiment medium was prepared after Quensen
(1988 and personal communication, Michigan State Univefsity,

1989).



The composition of the medium (in mg/L) is listed below:

KH,PO, 270
K,HPO, 350
NH,C1 530
cacl, 75
MgCl, 100
Mncl, 0.5
ZnCl, 0.05
cucl,: 2H,0 0.038
CoCl,+6H,0 0.05
FeCl, 4H,0 20
H,BO, 0.05
NaMno, + 2H,0 0.01
NiCl,:6H,0 0.05
Na,Se0,+5H,0 0.05

The medium was not buffered with NaHCO; nor reduced with sulfide,
as these additions were noted in Quensen's procedures as
optional. After autoclaving for about thirty minutes, the pH of
the mineral medium was adjusted to 7.0 with dilute sodium
hydroxide.

A sediment sample was obtained from an area of known high
PCB contamination with the expectation that it would contain
bacteria capable of dechlorinating PCBs. An additional sample
was obtained from a site, upriver from the contamination source,
to serve as an uncontaminated sediment source. The samples with
high PCB contamination, which tested anaerobic to methylene blue,

were placed in anaerobe jars with 10 mL of sterile water.



Twenty grams of uncontaminated sediment and 35 nL mineral
medium were added to each of eight serum bottles in a C0,/H, glove
box. The bottles were left open for 24 hours in the glove box,
injected with 50 uL ethanol, sealed, incubated at 37°C until
methane production was observed, and, after two weeks, were
autoclaved at 121°C for 1 hr.

Anaerobic microbes were obtained from the PCB-contaminated
sediment by first transferring the sediment from the anaerobe jar
to a glove box. In the glove box (CO,/H, atmosphere) a sample of
several hundred grams of PCB-contaminated sediment was shaken
vigorously with 500 mL of the mineral medium. After 15 min
settling, the liquid was decanted and saved. Aliquots (35 mL) of
the decanted liquid were added to each of the eight autoclaved
serumbbottles of uncontaminated sediment.

Aroclors 1248 and 1254 (1:1 mixture dissolved in
dimethylsulfoxide) were added to serum bottles (containing
sediment and inoculated medium) in two concentrations. The
resulting concentrations of PCBs in the vials were 55 ppm and 436
ppm. Duplicate vials were prepared at each concentration. The
remaining four bottles, used as controls, were inoculated with
anaerobic medium, but were then twice autoclaved for 15 minutes
before addition of the Aroclor standards. All eight sealed serum
bottles were stored in the dark at room temperature (23—26°C).

Part way throuéh the experiment it was feared that the
sediment sample from which the bacteria were extracted may not
have had enough dechlorinating bacteria. Therefore, an

additional sediment sample was obtained to maximize the



prdbability of the existence of dechlorinating anaerobes. The
éample obtained was subsequently analyzed for PCBs and it
‘contained more than 100 ppm of PCBs. Therefore, this sample
should have contained dechlorinating bacteria. This sediment was
extracted and the extract added to the media as described above.
However, PCBs were spiked to give a resulting concentration of
436 ppm. Two vials were set up this way (no additional controls
were prepared).

Samples of slurry, 2 mL each, were withdrawn from the vials
for PCB analysis on an approximately monthly schedule. The
samples were withdrawn into centrifuge tubes with 2 mL acetone
and 10 mL hexane, agitated on a mechanical shaker for 10 min,
decanted, agitated with an additional 10 mL hexane for io min,
decanted and the liquid added to the previous extracts. The
ligquid was then blown down to near dryness and taken into about 3
mL, iso-octane. The iso-octane extracts were then each eluted
through a column of 8g florisil and 2g Na,So, with 200 mL 6%
etﬁer/hexane.‘ An aliquot of the sample was diluted in iso=-octane
until packed column GC screening indicated a suitable
concentration for congener analysis with capillarvaC. The
samples were then analyzed for PCB congeners using a Hewlett
Packard 5880 gas chromatograph equipped with a
60 m DB-5 coated capillary column.

The PCB concentrations measured in the monthly analyses were
only about 30 percent of the expected concentration. Apparently,
the procedure used to extract PCBs from the media was incomplete.

However, the distribution of PCB congeners that were extracted



were nearly identical to the PCB congener distribution of the
original Aroclors added. Cross streak plate tests of the samples
after three months did reveal anaerobic‘activity (Clostridium and
Bacillus organisms were tentatively identified). .Consequently,
despite anaerobic conditions, anaerobic dechlorination apparently
did not occur (at least not measurably) in this experiment.

Part wayvthrough the experiment, the two vials that were set
up using extracts from the sediments with PCBs greater than 100
ppm were épened in the glove box and cysteine sulfide was added
along with 40 mL of ethanol. The cysteine sulfide was added in
an amount equivalent to the amount of sodium sulfide specified by
Quenson (Michigan State University, East Lansing, MI, 1989;
personai communication) as an optional addition. These chemicals
ensure that fully reducing conditions are occurring in the
- sample. It was thought that this addition would remove any
uncertainty posed by not originally adding the sulfide.

After seven months the incubation was ended. All analyses
up to this point indicated that no dechlorination was occurring,
although the amount of PCBs extracted from subsamples was always
less than expected. Either the vials were subsampled in such a
way that the subsample obtained was unrepresentative (unlikely),
or the extraction procedure was not fully remo&ing the PCBs from
the sediment/media mixture.

For a final analysis for PCBs after the seven month
incubation, special procedures were taken to ensure better
extraction of the sediment/media mixture. The vials (2)

containing bacteria extracted from sediment with high PCBs and to



which the sulfide was added were analyzed by this special
procedure. These vials were most likely to show dechlorination..

PCBs were first extracted from the decant of the vial with
50 mL of hexane. The extraction was repeated four times and the
extract was saved. The residue left in the vial was then
vigorously shaken with 35 mL of acetone in order to suspend ail
the material. The vial was then sonicated for thfee minutes to
brgak up the particles as finely as possible to ensure good
contact with the solvent. After the contents settled, the
acetone was poured off and saved with the hexane extracts. This
acetone extraction procedure was repeated three more times, so
that the sonicated sediment/media mixture was extracted a total
of four times with acetone.

The sediment/media mixture was further extracted with 35 mL
of hexane. The mixture was sonicated for three minutes during
each of the four successive extractions. After settling, the
decant from each extraction was saved.

For PCB analysis, all the decants following extraction were
mixed together. The resulting mixture was concentrated to 10 mL
by rotoevaporation. The concentrated solution was cleaned up on
a column containing 22.0 g of florisil and two 1 cm layers of
Na,S0, (to remove water and other interferences). The column was
eluted with 220 mL of 6% either/hexane. The solvent leaving the
' column was evaporated by blow-down. Iso-octane was added to
adjust the volume to 250 mL. Finally, a 1.0 mL aliquot was
diluted to 50 mL with iso-octane.

Following screening by packed column chromatography, the



iso-octane extracts were analyzed by capillary column gas
chromatography. For the two vials analyzed by this procedure,
88% and 89% of the PCBs were recovered. Thus, repeated’
extractions of sonicated samples wés effective at extracting PCBs
from the sediment/media mixture.

Despite the good recoveries, no evidence was found of
dechlorination. Congener patterns closely resembled the
distributions of congeners originally spiked into the vials.
Consequently, néne of the laboratory experiments produced
evidence that bacteria extracted from Sheboygan River sediments
produce dechlorination.

Despite the negative results of the experiments conducted,
it is believed that more work would produce laboratory evidence
of dechlorination. Several other laboratories around the country
have now reported successful laboratory PCB dechlorination
experiments. Dr. G-Yull Rhee of the New York Department of
Health has now duplicated Quenson et al.'s experiments with
bacteria extracted from the Hudson River (Rhee et al. 1989).
However, Dr. Rhee (New York State Department of Health and School
of Public Health, SUNY at Albany, Albany, NY, 1990; personal
communication) has indicated that getting the bacteria to grow
properly is very tricky. He indicated that in his work it would
not be unusual to have only one of four replicates show
dechlorination. Both Dr. Rhee and Dr. Quenson agree that the
factors thét may effect dechlorination in the laboratory are not
clear. For example, it is not clear whether the addition of

sulfide and ethanol are necessary or what electrode potential



should be obtained for the organisms to grow. Both believe that
a consortium or organisms, rather that an individual species, is
responsible for the dechlorinationbactivity, Thus, while these
studies labhoratory experiments were not positive, it is believed
that additional work, including a larger number of replicate
samples, would produce evidence of dechlorination. The
laboratory experiments of this study do show, however, that the
conditions under which dechlorination occurs are not clear and
that more needs to be learned if anaerobic dechlorination is to

be used as a bioremediation tool.
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EXISTING CONFINED DISPOSAL FACILITIES

Dredging of Great Lakes harbors to maintain navigation
dates back to the early 1800's. Natural siltation from tributary
rivers prompted periodic dredging, and dredging has been
Qenerally accepted as necessary and normal harbor méintenance.
Typical disposal methods were to side cast the dredgings to
adjacent areas or, more commonly, to deposit the material into
deeper waters.

Until.the mid 1960's immediate economic concerns governed
the focus of this disposal. However, a new awareness of lake
eutrophication problems led to a questioning of open water
disposal techniques. The U.S. Army Corps of Engineers (1969) in
a study titled "Dredging aﬁd Water Quality Problems in the Great
Lakes" concluded that "in-lake disposal of heavily polluted
dredging must be considered presumptively undesirable." In 1970,
Congress generated PL 91-611 to create the Dike Disposal Program
for the Great Lakes (Anonymous, 1989). The intent was to hold,
in a confined facility, a ten year supply of dredgings, and to
initiate a Dredged Material Research Program (DMRP). The U. S.
Army Corps of Engineers (COE) conducted the DMRP at their
Vicksburg (Mississippi) Waterways Experimental Station (WES).

The DMRP study was a comprehensive project, involving
universities, private research laboratories, and other féderal
agencies. The main conclusions of the DMRP study, as indicated

in U.S. Environmental Protection Agency (1987), were fourfold:



1. No single disposal alternative is suitable
for a region, nor should any single alternative be
dismissed from consideration.

2. Environmenfal considerations are stronger than other
considerations to necessitate long range regional
planning as a lasting, effective solution to disposal
problems.

3. Fears concerning short term release of contaminants to
site waters are unfounded especially if the geochemical
environment is not changed.

4. To be environmentally effective, a confined site must
retain a high percentage of finer particles, since this
is where contaminants are carried.

Since 1978 there has been some additional dredged mater£a1
research. However, the research focus has shifted from
eutrophication to toxic substances. During the late 1970's and
1980's many harbor sediments were found to contain high
concentrations of heavy metals and»organic pollutants, such as
PCBs. The research has not, however, provided a clear
understanding of the impact that toxic substances in a CDF may be
having on the Great Lakes or what happens to toxic chemicals over
time when placed in a CDF.

Existing confined disposal facilities (CDF'S) in the Great
Lakes basin are listed in Table 1. Other than the Superior/
Duluth facility (constructed in 1978), Wisconsin's CDF'S are all
sited in or along Lake Michigan. In addition to the six

Wisconsin facilities listed in Table 1, three additional sites



have been proposed (Menominee, Sturgeon Bay, and Sheboygan) for
construction. The U. S. COE is responsible for dredge and fill
operations, ihcluding the operation of CDF'S. Guidelines and
criteria for dredging and filling are, however, set by the U.S.
Environmental Protection Agency (EPA). |

The Sheboygan Harbor was dredged by the COE in the mid
1950's and annually up to 1969 when dredging stopped due to
controversy over the presence of heavy metals. Some contaminated
harbor sediments were removed in 1981 and 1984. As stricter
disposal regulations, particularly for PCBs have been put into
effect, dredging has been halted due to the lack of a means of
disposal.

GENERAL DESIGN OF CONFINED DISPOSAL FACILITIES

Each CDF is unique to the needs of the individual site.
| Upland CDF'S generally have earthen dikes, whereas in-lake CDF'S
generally are encased by stone dikes to withstand wave action.
The overall design goals are to hold within the facility as high
a percent of the sediment particles dredged as possible.

The design of CDF'S has evolved since the first facility was
constructed in the early 1960's to a point where there are now
certain design similarities (U.S. Army Corps of Engineers,
1986). Designs now allow limited permeability so precipitation
can drain into the lake. As environmental reguirements became
more stringent, steel sheet pile was incorporated into the
design. This pile was used in the three Wisconsin CDF'S, thus

further ensuring the dredged material is retained in the dike.



Recently constructed dikes have utilized a core of limestone
which "cements" over time. A layer of locallyvavailable lake
sand is now typically incorporated by layering the sand on the
disposal side of the dike. This sand is uniform, has low
permeability, and will not change or deteriorate in time. Some
designs incorporate a weir with a skimmer to retain possible
sediment overflow as the permeability of the CDF approaches zero.
PCB'S IN CDF'S

Very little data are available on PCB concentrations within
CDF'S. Published data exists for only a few sites. The
concentrations of PCB'S would be expected to vary from one CDF to
another depending on the concentration of PCB's in the sediment
which was dredged. Since PCB's in sediment can vary widely even
within a small area (sediments are not hoﬁogeneous),
concentrations within CDF's also undoubtedly vary widely.

The few data that are available on PCB's measured from
samples collected from CDF's indicate relatively low totél PCB
levels. Clark (1988) reported a value of 1.1 ug/g. from
sediments in the Calumet harbor CDF. Rathburn (1988), in a study
of the Saginaw Bay diked facility, reported concentrations of
PCB's congeners in water collected from inside the facility
(indike), immediately outside the facility in Saginaw Bay
(outdike), and at an adjacent site in the Saginaw River channel.
An example of these data are shown in Table 2. The data show PCB
concentrations are higher in water inside the facility than
‘outside the facility. However, concentrations in water outside

the facility are generally higher than PCBs in the reference



station (Saginaw River channel).

The specific congeners found in highest concentration in the
Saginaw Bay study (Table 2) are similar to those found in highest
concentration in the Sheboygan River. For example, co-eluting
congeners 28/31 are the most prevalent in the Saginaw Bay study
samples (Table 2), as they were in most Sheboygan samples.

Whether or not PCB's leak from a CDF continues to be a major

uncertainty. The Saginaw Bay study was initiated to find the
extent of leakage (as well biological uptake of the PCB's). The
general conclusion of the study was that no appreciable leakage
from the CDF was occurring,

If polychlorinated biphenyls (PCBs) can be dechlorinated in
river sediments, a logical question to ask is whether PCBs
contained in confined disposal facilities (CDFs) also undergo
bacterial dechlorination. If dechlorination does occur in
donfined'disposal facilities, these facilities would be an
attractive way of detoxifying dredged PCB contaminated sediment.
In the case. of the Sheboygan River, these is interest in building
a marina in Lake Michigan just north of the harbor. If such a
facility could be designed in concert with the concept of a
confined disposal facility, it would be especially attractive if
it also promoted dechlorination of any PCBs in the sediment.

In this study the likelihood of dechlorination occurring in
confined disposal facilities along the Wisconsin shore of Lake
Michigan was considered. Attempts were made to gather
information on PCBs in confined disposal facilities to see if any

evidence for dechlorination was available. Evidence for



dechlorination in similar facilities, notably sewage sludge
lagoons, was also sought. Finally, some samples were taken from
the confined sludge facility off of Milwaukee and analyzed for
PCBs.

Two samples were collected from the Milwaukee CDF. The CDF
might be expected to contain relative>high amounts of PCBs
because of the industry in the area. However, specific data on
the PCB content of the dredged material originally plaéed in the
facility was not found. Nor was any data found from past
measurements of PCBs made on samples taken from the facility.

Two "soil" samples were taken from the Milwaukee facility
with the permission of the Corps of Engineers. Because the soil
was hard, crusted and contained surface vegetation, sampling was
difficult. It was also unclear what would be a representative
sample, or where to sample to get high PCB concentrations.

The two samples analyzed had low PCB concentrations. No
evidence of dechlorination was discernable from the PCB pattern.
It was hoped that samples with higher.PCB concentrations could be
obtained, as such samples might show a greater tendency for
dechlorination (analogous to Sheboygan Riﬁer sediments). As it
was, there was no evidence to suggest that dechlorination may be
occurring, or at least occurring at a ratevthat would be
noticeable.

A question that comes up is whether sediments below the top
of the facility are anaerobic. Deeper core samples would be
desirable in this regard, as dredged material several feet below

the surface might be anaerobic while near the surface the dredged



material might be aerobic. Based on what was available in the
literature, such measurements have not been made.

One indication that dechlorination might not occur (at least
not at a meaningful ratej, is that a sewage lagoon with PCB
contamination has been extensively studied and there is no
evidence of any PCB dechlorinétion occurring there. The Madison
Metropolitan Sewerage District has several lagoons that have been
filled for many years and now pose a disposal problem because of
the high concentration of PCBs (about 50 ppm) in the sludge. The
lagoons, which do go anaerobic, have been extensively monitored
over the years. However, monitoring results indicate that the
PCBs have been very stable over the years (Nemke, J., Director,
Madison Metropolitan Sewerage District, Madison, WI, 1990;
personal communication). While there may be special conditions in
these specific lagoons that prevent dechlorination, one might
expect the conditions in an anaerobic lagoon to be conducive to
dechlorination.

Based on experiments attempting to achieve bacterial
dechlorinétion in the laboratory, it is clear that the |
dechlorination process is highly sensitive to a variety of
factors (some of which are not known or understood). Whether the
right conditions are in place in CDFs or 1a§oons is not known.

It is also clear that for dechlorination to occur in a measurable
fashion or at a fast enough rate, PCB concentrations must be
relatively high. Unless "hot spots" or areas of high
concentration occur in CDFs, concentrations may be too low to see

measurable PCB dechlorination.



Thus, an analysis of the available information suggest that
dechlorination probably does not occur to any important extent in
CDFs. More research should probably be conducted to confirm this
hypothesis, including more rigorous sampling to assay PCBs in
CDFs. Alternately, research might be conducted on how to promote
or acceierate PCB dechlorination. Current research conducted on
sediments from the Sheboygan River in pilot confined treatment
facilities (in conjunction with Superfund cleanup of the river)
may uncover some ways of promoting dechlorination that could be

applied to CDFs.
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Table 1. Great Lakes Confined Disposal Facilities

Location

Calumet Harbor,

Chicago, IL

Michigan City,

Bolles Harbor, MI
Monroce County, MI

Frankfort, MI
Detroit, MI

Dickinson Island, MI
Grand Haven, MI

Holland, MI

Inland Route, MI

Monroe, MI

Saginaw Bay, Village of

Sebewaing, MI
Erie Pier, MN

Buffalo, NY
Buffalo, NY
Buffalo, NY

Cleveland, OH
Cleveland, OH
Huron, OH
Lorain, OH
Toledo, OH
Toledo, OH

Erie, PA

Green Bay, WI
Green Bay, WI
Kenosha, WI
Kewaunee, WI
Manitowoc, WI
Milwaukee, WI.

2 L = In-lake adjacent to
In-lake CDF island

I
U Upland

HE o B

& rerdHbt e B ppadadeHCg

tfeaH

I

82

33
45
- 40

56
88
63
58
150
242

23

60
400
25
28
24
454

land

Capacity
(cu. yd.)

1,300,000
25,000

335,000
18,640,000

107,000
1,900,000
2,000,000

310,000

370,000

19,500
4,200,000

84,000

1,000,000

1,500,000
1,500,000
6,900,000

2,760,000
6,130,000
2,150,000
1,850,000
5,000,000
10,000,000

1,600,000

1,200,000
300,000
750,000
500,000
800,000
1,600,000

1984
1978

1977
1978/
1981
1982
1960
1976
1974
1977
1982
1985

1979
1978

1968
1872
1977

1974
1979
1975
1977
1977
1976

1979

1979
1965
1975
1982
1975
1975



Table 2.

PCB Congener Concentrations (ng/L) in Saginaw Bay CDF
Water Samples (From Rathburn et al.

congener Number

004 + 010
006
007
012
013
016
017
018
019
022
024
025
027
029
031 + 028
032
033
037
040
041 + 071
042
043
044
045
046
047 + 048
049
051
052
053
056 + 060
063
064
066
070 + 076
074
077
081
082
083
085
087
089
091
092 + 084
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outdike

0.04
0.055
0
0.032

Saginaw
River Channel

0.043
0.023
0.013
0.043

0.092
0
0.019
0
0.073
0.017
0

0.4
0.1l6
0.052

0.064

0.029
0.13
0.083
0
0.28
0.03
0.027
0.17
0.23
0.17
0.049
0.13
0.0075
0.092
0.23
0.19
0.068
0.034
0.0083
0.021
0
0.052
0.072
0
0.041
0.14



100 0.21 ) . o}
101 2.1 0.28 0.092
105 + 132 + 153 2 0.35 0.16
107 0.18 0.027 0.013
110 3.5 0.4 0.2
118 1.4 0.19 0.1
119 0.2 0.017 0.015
128 0.29 0,044 0.092
129 0 0 0.0083
130 0.14 0.023 0.028
134 + 114 0.3 0.04 0.028
135 + 144 0.16 0.047 0.0092
136 0.12 0.017 0
137 + 176 0 0 0

C 141 0.2 0.036 0.028
146 0.27 0.044 0.021
149 0.87 0.12 ‘ _ 0.083
151 0.23 0.033 0.021
156 0.19 0.025 0.011
157 + 200 0 0.027 0.019
158 0.021 0.033 0.036
163 + 138 1.4 0.25 0.15
167 —— —— 0.0075
170 + 190 0.48 0.083 ‘ 0.051
172 + 197 0.16 0.021 0.0092
173 0 0 -
174 0.23 0.047 0.03
175 0.23 0.036 0
177 0.16 0.031 , 0.02
178 0.098 0.039 0.0083
180 0.67 0,13 0.049
183 0.22 0.033 0.019
185 0 ‘ 0 0.0045
187 + 182 0.29 0.059 0.035
189 0.089 0 0
191 0.4 0.016 —-———
193 0.044 0.0093 0.011
194 0.14 0.031 0.016
196 0.14 0.032 0.016
198 0.084 0.019 0.006
199 0 0 0.0047
201 0.23 0.052 0.033
202 + 171 : 0.12 0.019 0.0042
203 0.072 0.027 0.018
205 0 : 0 0.0033
206 0.11 0.037 0.013
207 0.044 0.0093 0.0033
208 + 195 0.42 0.072 0.026
209 0.005 0.001 . 0.0008
Total PCB'S 91.4 10.2 5.2

Blanks = rejected congeners; zeros = concentrations lower than
analytical detection limit.
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